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PEEFACE. 



In placing this work before the public it is not 
claimed that any new theory of the action of direct- 
current dynamos and motors has been evolved. 
Standard authors have been freely consulted, but not 
copied. It is assumed that the student has a general 
knowledge of electricity and is conversant with the 
names of the different parts of the machines. No 
particular machine has been described, the work be- 
ing a general consideration of the laws governing the 
design of direct-current dynamos and motors. 

The first four chapters consist of a brief review of 
the electrical units and the general principles of the 
machines, and may be considered as an introduction 
to the subsequent portions. The higher branches of 
mathematics have been avoided and a knowledge only 
of algebra and the elements of geometry assumed. 

It is hoped the work will prove of value to the 
student of electricity and to those called upon to de- 
sign electrical machines who have not had the benefit 
of a thorough training in the science of electricity. 
It is needless to say that it is not intended for scien- 

3 

Digitized by CjOOQ IC 



4 PREFACE. 

tists or physicists, who may obtain their knowledge 
from more advanced treatises and to whom an ele- 
mentary treatise would be of no service. It will, it is 
hoped, give evidence that theory and practice are not 
so far separated as some so-called practical electricians 
would have us believe, and that the actions of a dyna- 
mo may be calculated with considerable accuracy be- 
fore the machine is built. 

Although intended primarily for a consideration of 
dynamos and motors, the last two chapters are devoted 
to the actions of steam in an engine. This subject is 
one so closely allied to the testing and operation of 
dynamos and motors tl^at it should not be neglected. 

An appendix on testing of iron and one upon belting 
have been included. In general it may be assumed 
that the subjects treated, if they do not concern the 
dynamo or motor directly, have so important an in- 
fluence on their design or testing that they could not 
be omitted without considerable injury to the value of 
the wort. 

Fbank p. Oox. 

August, 1893. 
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CONTINUOUS-CTJERENT DYNAMOS 
AND MOTOES. 



CHAPTEE I. 

THE ABSOLUTE SYSTEM OP MEASUREMENT. 

In commencing the study of a science a matter of 
primary importance is the system of measurement 
employed. In the science of electricity the system is 
exceedingly simple and is known as the absolute or 
C. G. S. system, C, G, and S being the initial letters of 
the three fundamental units. Centimeter, Gram, and 
Second on which the system is based. It was the in- 
tention to compare lengths with some natural magni- 
tude, and accordingly a very accurate survey was made 
on the meridian passing through Paris. The survey 
was from Dunkirk, France, to Barcelona, Spain, and 
from the results the length of the meridional quadrant 
was computed, TujijVT^Tnr P^^* ^^ ^^is distance being 
considered a meter. Later investigations indicate an 
error in this length, and for all practical purposes any 
length could have been taken as a unit. The true 
length of the meter is therefore not i o o o^o o o o ^^ *^® 
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8 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

earth's meridional quadrant, but the distance at zero 
degrees centigrade between two points on a platinum 
bar in keeping of the Academy of Sciences at Paris. 

Having determined the meter, the next step was to 
express the values of fractions and multiples of this 
quantit}'-. The decimal system, offering many advant- 
ages in the simplification of calculations, was adopted. 
Thus to reduce a quantity to the same value in the 
next lower denomination it is only necessary to move 
the decimal point one place to the right, and similarly 
to transfer to the next higher denomination move the 
point one place to the left. The fractions were desig- 
nated by Latin prefixes, while the multiples were ex- 
pressed by Greek prefixes. Thus : 

Unit. Unit. 

Micro means -nnihnnT of a 



MiUi - 
Centi - 
Deci - 

Deka - 
Hecto - 
Kilo - 
My via ' 
Mega - 



means 


TuirtirTnr 


« 


ttjVit 


u 


Tk 


« 


iV 


(( 


1 


« 


10 


(( 


100 


(( 


1000 


(( 


10000 


(( 


1000000 



(( 



Thus a kilometer is 1000 meters, and a millimeter 
is y^^ of a meter. A meter corresponds to 39.37079 

Digitized by VjOOQ IC 



CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 9 

inches. The most convenient unit of length is the 
centimeter, about | of an inch. 

The next unit to be considered is the unit of volume. 
This unit is one cubic centimeter. One liter is equal 
to 1000 cubic centimeters or about one quart. The 
same prefixes are used, one hectoliter being equal to 
100 liters. 

The unit of weight in this system is the gram, and 
is defined as the weight of a cubic centimeter of dis- 
tilled water at 4° C. 

A gram weighs 15.43235 grains ; a kilogram about 
2 lbs. 

The mean solar second, or briefly the second, is con- 
sidered as the unit of time. The time required for 
the earth to make one complete revolution around its 
axis is a sidereal day. A mean solar second is the 
time of one swing of a pendulum which makes 86164.1 
swings in one sidereal day or 86400 swings in a mean 
solar day. 

We have now the three fundamental units of mass, 
length, and time, and all other units are derived from 
these values. 

Velocity is the rate of change of position. If a 
particle move at a uniform speed from one point to 
another one centimeter distant in one second, it is said 
to have a velocity of ojie centimeter per second. 

Acceleration is the rate of change of speed. If at any 
instant a particle has a velocity of one centimeter per 
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10 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

second, and if at the end of one second the velocity is 
found to be two centimeters per second, the velocity has 
increased one centimeter per second. That is, it has 
been accelerated one centimeter per second. It is as- 
sumed, of course, that the increase has been at a con- 
stant rate. Acceleration is said to be negative when 
the speed is* being diminished, and positive when the 
speed is being increased. Acceleration is related to 
velocity in the same manner that velocity is related to 
position. 

If V represent the velocity of a particle, I = the dis- 
tance it has moved in the time t, then 

I 

^ = 7- 

Let V, represent the velocity at any instant, and v, 
the velocity f, seconds later, and designating the ac- 
celeration by a, 

V, — V, 

In the first equation I represents the difference 
between the two positions of the particle. If in the 
second equation v^ represents the difference in the 
two velocities of the particle, 

and the similarity of the equations is evident 
Matter cannot accelerate itself. If a body be mov- 
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CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 11 

iug at a constant rate, this rate cannot be increased 
unless some external force is applied to it. Neither 
can it be diminished unless it is overcoming some 
external force, such as friction, gravitation, etc., etc. 
This property of matter is called ihertia. Inertia is 
that property of matter which opposes any change in 
its condition of motion or of rest. Having now a 
conception of what a force is, it becomes necessary to 
have a unit for measuring it. 

The dyne is the unit of force. It is that force 
which, acting upon a mass of one gram for one second, 
will increase or diminish its velocity one centimeter 
per second. 

The next dynamical conception is that of work. 
In order to perform work it is necessary that there 
shall be motion. No matter how great a force is 
applied to a mass it must move, though ever so little, 
before work will be performed. 

Energy is the capacity for performing work. It exists 
in a potential state without motion. When motion re- 
sults work is being done and energy consumed or, 
rather, transformed. Energy cannot be created or 
destroyed. It exists in many forms and can be trans- 
formed from one to another. There are two kinds of 
energy, potential energy and kinetic energy. The 
former is the energy of position ; the latter the energy 
of motion. Work may be defined as motion against 
resistance. 
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12 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

The unit of work is the erg. It is the work exerted 
in moving a weight of one gram through a distance of 
one centimeter against a force of one dyne. Ten mil- 
lion ergs are one joule. This is the practical unit of 
work, the erg being too small for service. 

From work it is but a step to activity. Activity is 
the rate of performing work. It requires a definite 
amount of work to raise a given weight to a given 
height. But the activity or power is not any fixed 
quantity. It depends upon the time required to per- 
form the work. A certain power will be required to 
do the work in ten seconds. Ten times that power 
would be required to do the work in one second. 
The work is in each case the same, but the activity or 
power is in one case ten times as great as in the other. 
The watt is the unit of activity or power, and is the 
equivalent of ten million ergs per second, or one joule 
per second. 

Before deriving the units of the electro-magnetic 
system it will be well, perhaps, to briefly consider 
the nature of magnetism and of the electric current. 

The magnet was known to the ancients in its natural 
form, the loadstone. They observed the difference of 
polarity, and also noted the repulsion existing between 
similar poles and the attraction between dissimilar. 
Beyond this their knowledge did not extend. By far 
the most rational explanation of magnetic action is 
based upon the conception of lines of force. These 
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CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 13 

lines, like the meridians, are imaginary lines connect- 
ing the two poles of a magnet. . A free magnet pole 
placed on any point of a line of force will follow that 
line to the pole. It will never cross the lines of force. 
The positive direction of a line of force is from north 
to south outside the magnet, and from south to north 
in the body of the magnet. It will be seen, therefore, 
that every line is a closed curve passing through the 
two poles of a magnet. 

Lines of force are assumed to be imaginary lines, 
but they can be made visible. If a piece of card- 
board sprinkled with iron filings be placed on a 
straight bar magnet and lightly tapped, the filings 
will be observed to take position similar to Fig. 1. 




Fia. 1. 



The lines of filings should not be confounded with 
lines of force. For many of the lines seem to break 
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14 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

oflf and do not form closed curves. If each line of 
filings be conceived to be a tube of force made up 
of a number of lines of force, the broken lines are 
easily accounted for. A single line of force has not 
sufficient strength to move the small particle of iron. 
But the combined action of a number of lines or a 
tube of force is sufficient, and the iron is moved to 
its new position. Near the magnet the lines of force 
are more dense than at a distance, and here the lines 
of filings are very distinct. At a distance from the 
magnet the lines are more scattered, are too far apart 
for their combined strengths to move the particle. 
Therefore, while the lines of filings break off, the 
lines of force must be conceived to continue across 
the gap. 

The region around a magnet where these lines of 
force are found is called the field of that magnet, or, 
considered apart from the magnet, simply a magnetic 
field. The strength of a magnetic field is measured 
by the number of lines of force which exist in a square 
centimeter of that field. If one line of force passes 
through every square centimeter of the field, the field 
is called a uniform magnetic field of unit intensity. 

A unit field may also be defined as one which acts 
on a unit magnetic pole with a force of one dyne. 

By a unit magnetic pole is meant one which repels 
or attracts a similar pole placed one centimeter dis- 
tant with a force of one dyne. 
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CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 15 

Coulomb has shown by means of his torsion balance 
that the force acting between two magnetic poles is 
equal to the product of the strengths of the poles 
divided by the square of their distance apart. This 
law will give us a second definition of a unit mag- 
netic pole. 

Consider a free magnetic pole of strength S placed 
at the center of a sphere of radius r. The force act- 
ing between this pole and one of strength P placed 
anywhere on the surface of the sphere is evidently 

SP 

It is also true that this force is equal at all points 
on the surface of the sphere. That is, that the sur- 
face of the sphere is of uniform density, and there 

op 
are evidently — - lines of force passing through every 

square centimeter of the surface. The surface of a 
sphere of radius r we know from geometry to be Attv^. 
Therefore the total number of lines of force passing 
through the surface of the sphere (and it is evident that 
this is the number which emanate from the pole S) is 

4;rr' X ^; 
or 
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16 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

If the poles are of equal strength, the expression 
becomes 

and if the poles are of unit strength and F is the 
number of lines piercing the surface of the sphere, 

This gives a second definition of a unit pole as "one 
from which 4;r lines of force emanate." 

An electric current is in some respects similar to a 
magnet, and is surrounded by lines of force in a some- 
what similar manner. 

A piece of cardboard is sprinkled with iron filings, 
and has a wire passed through it at right angles to 
its plane. When a current of electricity is passed 
through the wire, the filings arrange themselves in con- 
centric circles around the wire as a center. A free 
magnet pole placed cTn one of these lines would 
tend to circle around the wire, its direction being 
controlled by the direction of the current. A wire 
carrying a current is always surrounded by these 
magnetic whirls. 

Except that the wire has increased somewhat in 
temperature there is no apparent change in its con- 
dition when carrying a current. The important effect 
is in the space surrounding the wire. If, therefore, 



Digitized by VjOOQ IC 



COKTINUOUS-CURRENT DYNAMOS AND MOTORS. 17 

lines of force can be created around a wire, a current 
is created in the wire. 

When a wire sweeps across a magnetic field, the 
lines of force, being elastic, tend to wrap themselves 
around the wire. But when these lines are created 
around a wire there will be a current of electricity 




Fio. 2. 



in the wire. Therefore, by sweeping a wire across 
a magnetic field a difference of potential or pres- 
sure is created between the ends of the wire. This 
pressure may be compared with the pressure of 
water. If a pond at the top of a hill be connected 
by a pipe to one at the base of the hill, a current of 
water will flow through the pipe. The direction of 
this flow will be from a high point to a lower one. 
This difference of pressure in electricity is called po- 
tential difference or electromotive force. 
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18 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

The unit of electromotive force is the potential dif- 
ference between the ends of a wire one centimeter 
long cutting across a unit magnetic field at the rate of 
one centimeter per second. This unit would be en- 
tirely too small for practical use, and a multiple of it 
is used. One volt is equal to 100,000,000 C. G. S. 
units of electromotive force. 

Ilie next unit will be that of the flow of current. If 
a wire be bent in a circle of one centimeter radius, the 
len*>th of the wire wall be 27r centimeters. If a current 
is flowing through the wire, one side of the circle will 
have a magnetic field of N polarity, while the opposite 
side will have a field of S polarity. So far as magnetic 
effects are concerned, this current could be replaced 
by a very short bar, having the same diameter as the 
circle, provided the poles of this short magnet be of 
suitable strength. This short magnet is called the 
equivalent magnetic shell for the current. If a unit 
magnetic pole were suspended in the centre of the 
coil, it would be acted on by a force proportional to 
the strength of the current. If the force attracting 
the unit pole is 2t dynes, the current is said to be a 
unit current. 

A unit current of electricity may therefore be de- 
fined as one which acts on a unit magnetic pole one 
centimeter distant with a force of one dyne for every 
centimeter of wire through which the current 
flows. 
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CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 19 

This unit is too large for practical purposes. The 
practical unit of current is the ampere. 

One ampere is -^^ C. G. S. unit of current. 

The flow of water through a pipe is retarded by 
friction, capillary attraction, etc. The flow of a cur- 
rent through a wire also meets with a resistance. 
This resistance depends upon the material of which 
the wire is made, and is proportional directly to the 
length and inversely to the cross-section of the wire. 
With a given potential and resistance a certain cur- 
rent will always flow. If an electromotive force of one 
volt forces a current of one ampere through a wire, 
the wire is said to have a resistance of one ohm. 
This is the practical unit of resistance, the C. G. S. 
unit being much smaller. One C. G. S. unit of elec- 
tromotive force would force one C. G. S. unit of cur- 
rent through one C. G. S. unit of resistance. One 
ohm equals 1,000,000,000 C. G S. units of resistance. 

These three electrical units are connected by a rule 
known as Ohm's Law. This law is that current equals 
electromotive force divided by resistance, or express- 
ing it in an equation, 

where G = current in amperes, 

E = potential diiiereiico in volts, and 
II = resistance in olims. 
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20 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

This law may also be written 

E 



and 



^=0' 



E= CR. 



These three formulae are of utmost importance to 
the electrician. The student is often confused by 
finding resistance spoken of as a velocity. The ex- 
planation is very simple. If a conductor one centi- 
meter long be moved in a unit magnetic field at a 
velocity of 100,000,000 centimeters per second, one 
volt of electromotive force will be generated. If the 
two ends of the conductor be connected through such 
a resistance that one ampere of current will flow, this 
resistance is evidently an ohm. Therefore the ve- 
locity with which a conductor one centimeter long 
must move in a uniform magnetic field of unit inten- 
sity in order to cause a current of one ampere to flow 
through a resistance of one ohm is 100,000,000 centi- 
meters per second. But the C. G. S. unit of current 
is ten amperes, and to cause this current to flow the 
speed must be ten times as great, or 1,000,000,000 
centimeters. Consequently an ohm is sometimes 
spoken of as an earth quadrant per second. 

In moving this conductor across the field a certain 
resistance is overcome. This resistance is propor- 
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tional to the electromotive force and to the current 
flowing. If a conductor has its ends joined through a 
resistance of one ohm, the power expended in gen- 
erating one volt between the ends of the conductor is 
one watt. Thus the watt forms a connecting link 
between electrical and mechanical power. 

There is an electrical unit of quantity (the coulomb) 
which corresponds to quantity of flow in a water-pipe. 
The definition of a coulomb is that quantity of elec- 
tricity carried over by one ampere in one second. 

There remains but one unit to define, that of ca- 
pacity. When an insulated conductor has a current 
of electricity fiowing in it, its electrical potential rises. 
When its potential has risen to one volt higher than 
the potential of the earth, if there is one coulomb of 
electricity in the wire, its capoxyity is said to l)e one 
farad. If any volume be filled with steam, the amount 
of steam which it can contain will be doubled if the 
pressure is doubled. Similarly a condenser will con- 
tain twice as much electricity if the potential is 
doubled. Consequently we may say that the capacity 
of a condenser is the number of coulombs it contains 
divided by the pressure in volts. 
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OHAPTEE II. 

ELECTRO-MAGNETIC INDUCTION. 

We have seen (page 18) that when lines of force are 
created around a wire, a current of electricity is created 
in the wire. If, therefore, the lines can be caused to 
circulate around a wire, the problem of current induc- 
tion will be solved. If a cord be held at one end and 
struck sharply with a stick near the other end, it will 
be seen to wrap itself around the stick. Similarly 
when a wire moves across a magnetic field the lines 
of force will wrap themselves around the wire. That 
is, a potential difference will be created at the extrem- 
ities of the wire. This particular method of inducing 
a current is one modification of a general principle 
announced by Faraday in 1831. This principle may 
be stated as follows: When the number of lines of 
force passing through a closed coil of wire is changed, 

a current of electricity is set up in that wire. This 

22 
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change may be effected in any manner whatever. The 
direction of the lines of force may be reversed (thus 
diminishing the number of lines to zero and increasing 
to a negative value) ; the coil may be moved across a 
field which is not uniform, or it may be rotated around 
one of its diameters as an axis in a uniform field. In 
any case a current of electricity will be generated. The 
only question with which we need to concern ourselves 
is : " Has the number of lines of force enclosed by the 
coil been changed ?" If this number of lines has been 
changed, a current has been set up. If the number 
of lines has not been changed, there has been no cur- 
rent set up. Let us consider the case of a coil of wire 
which is not closed. We know that the current flow- 
ing in a wire is equal to the potential difference divided 
by the resistance. By opening the circuit of the coil, 
the resistance is made infinite and the current there- 
fore reduced to zero. But there is a potential differ- 
ence at the terminals of the coil, and upon complet- 
ing the circuit a current will flow. Therefore we may 
say that when the ;iumber of lines passing through a 
coil is changed, a potential difference is established 
between the ends of the coil, and if these ends be con- 
nected a current of electricity will flow. 

The most convenient method of changing the num- 
ber of lines of force passing through a coil is either to 
reverse the direction of the_liiiea,otforce^S]in a trans- 
former, or to rotate the coil around an axis which is 



iv~^ 



Digitized by 



Google 



24 CONTITifUOUS-CURRENT DYNAMOS AND MOTORS. 

perpendicular to the lines of force, as is done in a 
dynamo. 

The potential difference generated is proportional, 
not to the number of lines of force included by the 
coil, but to the rate of change of the lines. If a single 
rectangular turn of wire, as shown in Fig. 3, is rotated 




between two magnet poles, -N'and S, and around one of 
its sides as an axis, the combination may be considered 
as a dynamo of the most elementary form. A brush 
of copper resting against the side considered as a 
centre provides means of making electrical connection 
with this end of the coil, whiles second brush resting 
on a copper tube to which the other end of the coil is 
connected makes contact with this end. Consider 
the coil in a horizontal position as shown in Fig. 3. 
In this position it lies parallel to the lines of force 
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and includes none. The instant it turns from the 
parallel position the lines begin to thread through 
the coil. This rate of change in the number included 
(from zero to a finite quantity) is evidently greater 
than at any other part of the half-revolution, for at 
any other time the rate of change is the difference 
between two finite quantities. As the revolution 
progresses the number of lines included gradually 
increases, the rate of cutting diminishing in a cor- 
responding degree, until the coil has moved through 
an angle of 90° and is perpendicular to the lines of 
force. At this instant it is clear that a maximum 
number of lines of force will be included by the coil. 
But when the coil is perpendicular to the lines of 
force its motion is parallel to the lines, and the rate 
of cutting lines is zero. Therefore, when a maximum 
number of lines is included by the coil the induced 
potential difference is a minimum, and when a min- 
imum number of lines is included a maximum 
potential difference is generated. As the coil advances 
the number of lines diminishes, until at 180° they be- 
come zero. After this they increase to a maximum at 
270° and diminish again to zero at 360°, a complete 
revolution. Thus in one revolution the potential dif- 
ference has twice become a maximum and twice re- 
duced to zero. 

Having determined the comparative numerical 
values of the potential differences, the next step is to 
*\ 
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find their direction. If the two ends of the coil are 
connected through a resistance, a current of electric- 
ity will flow from the side of higher potential to the 
one of lower. The side of high potential is called the 
positive side and is indicated by the sign + 5 while 
the side of low potential is known as the negative side 
and is indicated by the sign — . 

There are many rules given in the text-books for 
determining the direction of the induced current. 
Probably the most satisfactory of them is the fol- 
lowing : 

Place the right hand in the position shown in Fig. 4, 
with the thumb, forefinger, and middle finger at right 
angles to each other. Then let the forefinger point in 
the direction of the lines of force, and the thumb in 
the direction of the motion. Then the middle finger 
will indicate the direction of the induced current.* 
The following association of the finger with the func- 
tion it represents has been pointed out : 

FOEefinger = lines of FOEce ; 
thuMb = Motion ; 

middlefinger = Induced current. 

* If the left hand be used for a motor and the forefinger point in 
the direction of the lines of force and the middle finger in the direc- 
tion of the current flowing in the wire, the thumb will indicate the 
direction of the motion. We have then to remember that the right 
hand must be used for a dynamo and the left hand for a motor. 
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Applying this rule to the combination shown in 
Fig. 3, we note the following characteristics : 

In the position shown the current would flow from 
brush A to brush B; that is, J. is + and jB is — . 
"When the coil has moved through 90**, we have seen 




lIiMt the potential difference is zero. At 180° A is — 
and B is +• -A.t 270° the potential difference is again 
zero, and at 360° J. is + and ^ is — as in the begin- 
ning. Examining the action with this new light, we find 
that the potential difference is a maximum in the posi- 
tion shown in Fig. 3, that it gradually diminishes to 
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zero at 90°, attains a negative maximum at 180°, is again 
zero at 270°, and reaches the starting point, a positive 
maximum, at the end of the revolution. As will be 
shown in a subsequent part of this work, the potential 
difference at any time is proportional to the sine of 
the angle through which the coil has advanced. 

If the two brushes A and B were connected by a 
resistance, when the coil is in the position shown, a 
maximum current will flow from A to B, This cur- 
rent will gradually decrease to zero at 90°. After 
passing this point the current will flow from ^ to ^ 
and increase to a maximum at 180° and diminish to 
zero again at 270°. Then the current will flow from 
A to J?, and increase to a maximum at 360°. Thus 
for one half the revolution a current flows frona A to 
B^ and for the other half from ^ to Ay and this cur- 
rent is not steady, increasing from zero to a maximum 
and diminishing again to zero. Starting from the posi- 
tion where a maximum number of lines is includedin 
the coil, the potential difference generated is zero, and 
continuing around the revolution the potential differ- 
ence varies as shown in the curve. Fig. 5, where the 
angles through which the coil has advanced are plotted 
as abscissae, and the potential difference generated as 
ordinates. 

The field for a current of this description is very 
limited, and it will be necessary, first, to cause the cur- 
rent to flow always in the same direction from brush to 
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brush, and, second, to transform it from an uneven, pul- 
sating current to one that will be approximately even. 
Let us return to the rectangle of wire shown in Fig. 3. 
Instead of revolving the rectangle around one of its 
sides as an axis we might have revolved it around an 
axis parallel to and midway between the two sides. 




Fia. 5. 

Under these circumstances the number of lines in- 
cluded by the coil will have remained the same, and 
it is evident that they will be reversed the same num- 
ber of times in one revolution. We have now the 
same conditions as at first in regard to the generation 
of a current, except that the wire is cutting across the 
field at one half its former speed. On the other hand, 
the side of the rectangle originally used as an axis is 
now cutting lines, whereas in the first case it was idle. 
Therefore, though the speed has been diminished one 
half, the potential remains the same, since the length 
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of active wire has been doubled. It will be shown 
later that the important point to consider in regard to 
the loop is its area and not its form. Let us make 
another change in the loop as shown in Fig. 3. Sup- 
pose the tube in that figure be split longitudinally 
into two equal parts, m and w, and let one part be 
connected to each of the two ends of the turn of wire. 
Then letting a brush rest upon each of the sections of 
the tube, we have the arrangement shown in Fig. 6. 
This arrangement, though similar to the one shown in 
Fig. 3, will cause a very different current to flow be- 
tween the brushes A and S. Just before attaining 




Fig. 6. 



the vertical position shown, the current is flowing 
from brush B to brush A, "When the coil is in a 
vertical position there is no potential difference, and 
the brushes rest on both sections m and n of the 
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split tube. At the next instant, when the coil begins 
again to cut lines of force, the section n passes from 
under brush B, and section m passes from under brush 
A. Therefore brush £ rests only on section m, and 
brush A rests only on section n (Fig. 7). In this manner 




ria. 7. 



B has the same potential as m, and A the same as n, 
until the coil has advanced through an angle of 180° 
At this moment there is no potential diflference, and 
the brushes rest upon both sections. The next instant 
the coil begins to generate current in the opposite 
direction, and as m was positive before, it is now neg- 
ative. But as the split tube (or commutator) revolves 
with the coil, the section m has passed from under 
brush B and makes contact only with brush A^ while 
section n is in contact with brush B (Fig. 8). Therefore, 
although the current in the coil has been reversed, still 
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the current between the brushes, on account of the 
commutator, still flows in the same direction. The 




Pio. a 



curve shown in Fig. 5 is still true for the coil, but on 
an investigation of the potential between the brushes 
we find the characteristics expressed by a curve simi- 
lar to Fig. 9. 




80 40 60 80 100 lira 140 160 180 8W 220 840 960 2M slo SaO 340 860 
FlO. 9. 

We have therefore advanced a step toward the solu- 
tion of the problem, for now, while the potential dif- 
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ference fluctuates between zero and a maximum, its 
direction is constani The final step is to reduce the 
amount of fluctuation until the current is approximately 
the same throughout the revolution. 

If a second coil is added and the commutator split 
into four sections, Fig. 10, the conditions will be some- 
what changed. Each coil will come into action when 
it comes within 45° of its position of maximum effect, 
and will go out of action when it has passed 45° be- 
yond that point. Consider the potential between the 




brushes. Fig. 10, during one revolution. The coil c 
is in a maximum position and section o is positive and 
section p negative. The current will therefore flow 
from brush B to brush A, The potential will dimin- 
ish until the coil has passed through 45°. Then the 
sections o and p of the commutator, and the coil, will 
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no longer be in connection with the brushes and may 
be neglected for the next quarter of a revolution. 
When the segments o and p pass from under the 
brushes the segments m and n, connected to coil h b, 
immediately replace them. Coil h is approaching its 
position of maximum effect, and therefore its potential 
difference is increasing. Jf is positive and the potential 
difference between the brushes is increasing and will 
increase for 45°, after which it will diminish for the 
next 45°. Then coil b goes out of action and c comes 
in again. While this action has been going on in coil b 
the potential difference of coil c has reduced to zero 
and is increasing again, but in the opposite direction. 
That is, p is positive and o is negative. Brush B is 
resting on segment p and is therefore still positive and 
the potential will increase for the next 45°. We have 
now completed half a revolution and the other half is a 
repetition of the action. We have seen that the poten- 
tial is never lower that that generated at an angle of 
45° from the position of maximum effect. For at an 
angle of 45° one coil is receding from its position of 
maximum effect and its sections of the commutator 
slip out from under the brushes, while the second coil is 
approaching the position and its sections come into 
contact. This result may be plotted as a curve, Fig. 11. 
In this curve the solid line represents the potential 
of the brushes or the potential generated by the coils 
while in contact with the brushes (which is the avail- 
Digitized by VjOOQ IC 



CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 35 

able potential difference), and the broken line is the 
potential difference generated by the coils while not 
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Fig. 11. 

in contact with the brushes, and which need not be 
considered, as it in no way contributes to the poten- 
tial difference of the machine. Each curve is marked 
by the letter of the coil which generated it. It will 
be noticed that when one coil is at a maximum the 
other is a minimum, which would be expected, as the 
coils are at right angles to each other. The difference 
between maximum and minimum potential in this 
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Fig. 12. 



curve is very much less than in the curve shown iu 
Fig. 9. If instead of four coils 90° apart we h?id U^ed 
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eight coils 45° apart, the difference would have been 
even less, as is shown in Fig. 12. In this case each coil 
would be in operation for one-quarter of a revolution 
only. Thus by increasing the number of coils the flow 
of current can be made as steady as may be desired. 
Having now obtained a steady flow of current always 
in the same direction, let us consider briefly the con- 
struction of different types of dynamos. 



Digitized by VjOOQ IC 



CHAPTEE ni. 

CLASSIFICATION OF MACHINES AND GENERAL 
PRINCIPLES OF THE MAGNETIC CIRCUIT. 

The elementary form of dynamo considered in the 
preceding chapter is a purely theoretical form and 
of no practical use except in demonstrating the gen- 
eral principles of current-induction. 

The commercial dynamo operates under the same 
general laws and principles, but its form is very much 
modified. 

It has been observed that iron is a much better 
conductor of lines of force than air. So great is its 
superiority that it will conduct several hundred times 
as many lines of force as air will carry under similar 
circumstances. 

It will therefore be desirable to fill the space be- 
tween the poles (Fig. 10) with iron rather than air. 
Obviously the most rational scheme for filling the 
space with iron is to wind the turn of wire upon an 
iron cylinder as shown in Fig. 13. The iron core and 
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the coils taken together are known as the armature. 
With a few exceptions all the armatures of contin- 
uous-current dynamos may be divided into two classes 
according to their cores, and into two other classes 
according to the connections of their coils. The two 
classes of cores are, the drum armature of Siemens 




Fto. la 



and the ring armature of Gramme. Figs. 13 and 14 
show an armature of each class. 

If these armatures are placed in magnetic fields, as 
in Figs. 15 and 16, there will be some little diflference 
in the distribution of the magnetism. In each case 
the lines of force will confine themselves almost en- 
tirely to the iron, and consequently the length of the 
magnetic circuit will be a little greater in a Gramme 
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armature than in a Siemens. Then, too, the diameter 
of the ring armature is somewhat greater than that of 
the drum, for, on account of cutting out the centre of 
the ring, it is necessary to make the diameter greater 
in order to obtain a passage of sufficient cross-section 
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for the lines of force. A very important feature of the 
Gramme armature is that the windings do not cross 
each other and, besides being more easily repaired 
(since any coil can be removed without disturbing any 
other one), it is not so liable to break down when gene- 
rating a high potential difference. For in the Sie- 
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mens armature the full potential of the machine may 
be between two coils which cross each other, while in 
the Gramme the maximum difference of potential be- 




Fio. 15. 



tween two adjacent coils is much lower. The division 
of armatures according to their winding gives two 
classes, the open-coil armature and the closed-coil 
armature. 
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Turning back to Fig. 10, page 33, we notice that after 
the armature has passed 45° from the position shown, 
coil c is not in circuit with the line and does not 
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come in again until the coil has advanced through 
another 90°. During this time the circuit of coil c is 
open. This, then, is an open-coil armature. Figs. 13 
14 show open-coil armatures of both the Siemens and 
and Gramme types. If, instead of having connected the 
coil so that it was out of circuit except when generating 
a certain potential, we had connected it so that it 
would be always in circuit (except when generating no 
potential at all, the moment of reversal, when it would 




be short-circuited by the brush), we would have taken 
advantage of the small potential difference generated 
when the coil is not in position of maximum effect. This 
effect, though small, would increase the total potential 
difference. The connections in this case are as shown 
in Fig. 17 for a Gramme armature and in Fig. 18 for a 
Siemens. Fig. 17 should be carefully compared with 
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Fig. 14, and Fig. 18 with Fig. 13, to make clear the 
difference between a closed- and an open-coil armature. 
It will be noticed in Fig. 17 (and also in Fig. 18) 
that all the armature coils are in series, forming a 
closed coil. It is therefore evident that the brushes 
divide the coils in halves and each half contributes to 
the potential between the brushes. A careful con- 
sideration will show that each half generates the full 
potential difference of the machine. The two halves 




are connected in parallel. The electromotive force be- 
ing the same for the whole armature as for one half, it 
might appear that there is not a great deal of advantage 
gained by using the two halves. It should be remem- 
bered, however, that the total resistance from brush 
to brush is one half of the resistance of one side and 
one quarter the resistance of all th^ armature coils in 
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series. Therefore -while there is no gain in potential 
diflference the resistance of the armature has been 
reduced. Then, too, the • total armature current is 
equally divided between the two halves, and if the 
same size wire be used the current capacity of the 
armature is doubled. A moment's reflection will show 
that the second half is absolutely necessary, as the 
point of division is constantly shifting around the 
armature, and consequently if only one half were 
used the potential of the brushes would vary from 
zero to a maximum, and fluctuation would not be 
gradual but spasmodic. 

We have thus far considered the magnetic field of 
iV^and /S^ without taking into account the manner in 
which it was created. 

Dynamos may be considered under three main heads 
according to their magnets. The first is the magneto 
machine, in which the magnets iV'and Ssltq permanent. 
The second is the separately excited dynamo in which 
case the field-magnets iV^ and S are electro-magnets, 
power for their excitation being derived from an ex- 
ternal source. 

The third, and only one which we will consider, 
is the self -excited dynamo, in which the fields are 
excited by the whole or part of the armature cur- 
rent. 

It has been shown in Chapter I that when a current 
of electricity flows in a wire, lines of force are 
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created around the wire, and that, the direction of 
these lines is controlled by the direction of the cur- 
rent. 

If an observer is looking at the end of a wire carry- 
ing a current, and the lines of force around the wire 
are in the direction of the hands of a watch, the cur- 
rent is flowing /rom the observer. If in the opposite 
direction, the flow is tovxird the observer. There is 
a similar law for the polarity of electro-magnets. If 
a person is looking at the end of a helix of wire carry- 
ing a current of electricity, and the flow of current 
is in the direction of the hands of a watch, thie ob- 
server is facing a south pole. If the flow of current 
is in the opposite direction, he is facing a north pole. 
Therefore in exciting the magnets by a coil of wire it 
is necessary to have the current in the coil flowing 
in the proper direction. With this brief digression 
let us return to the subject of classification of machines. 

Self-excited dynamos may be subdivided into the 
series dynamo, the shunt dynamo, and the compound 
dynamo. In the series dynamo. Fig. 19, the whole 
current of the machine flows around the field-magnets. 
They are used almost entirely for constant-current 
work. The shunt dynamo, Fig. 20, is the one generally 
used for small powers at constant potential. 

In the shunt machine the field is excited by very 
many turns of fine wire connected in shunt across 
the line. The current in the field or shunt circuit id 
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very low, not over a few per cent of the total armature 
current. The potential is, however, the full potential 
of the dynamo. In the series dynamo the fall of 
potential over the fields is very low, but the current is 
the full current of the machine. For dynamos of large 
capacity when designed for constant potential the 




Fig. 19, 



simple shunt dynamo is not satisfactory. It is noticed 
that as the load increases the potential drops. To 
avoid this, the compound dynamo, Fig. 21 is used. 
In this machine the field is excited by a shunt cir- 
cuit as in the simple shunt dynamo, with the exception 
that a few turns of wire, in series with the line, are 
also wound around the magnets. When the current 
in the line increases, the increase of current in these 
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series coils compensates for the tendency of the poten- 
tial diflference to drop. 

If the number of turns in series with the line is 
great enough, the potential will rise instead of drop. 
In this case the dynamo is said to be overcompounded. 

In place of classifying fields by their winding they 
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could have been divided according to their magnetic 
circuits. Figs. 19, 20, and 2l are all of the class known 
as single magnetic circuit, because the flow of magnet- 
ism is as in a single circuit. This is not, however, 
the only kind of circuit in use. Fig. 22 shows a dy- 
namo having a double magnetic circuit. This type of 
machine is sometimes called a consequent pole ma- 
chine. Broadly speaking, neither can be said to excel 
the other. The requirements are different in different 
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cases, and while one type of field may have a decided 
advantage in some particular instance^ it is counterbaL 




Fig. 21. 



anced by the evident superiority of the other in some 
other branch. It is equally true of armatures that one 
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form is not best for all purposes. It is therefore nec- 
essary to caution the student not to become too firmly 
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prejudiced in favor of any particular form of construc- 
tion, but to consider the advantages of each type in rela- 
tion to the problem before him at the time. Particular 
problems require particular solutions, and that which 
is best adapted for use under one set of conditions may 
be of no service at all under different circumstances. 

Multipolar fields require no special treatment. 
They may be considered as composed of a number of 
two pole fields joined together. It is a popular opinion 
with some people that an armature having the same 
number of turns will, at the same speed, generate a 
potential twice as great in a four-pole as in a two-pole 
field. This is an error, as will be shown in a subse- 
quent part of this work. If the total turns on the 
armature are the same, and the magnetic field of the 
same intensity, the two machines will at the same 
speed generate the same electromotive force. Each 
conductor in the four-pole machine will generate twice 
the potential difference generated by a similar con- 
ductor in the two-pole machine, but a necessary change 
in the grouping of the coils makes the potential dif- 
ference between the brushes of the two machines the 
same. 

But little benefit would be derived from a general 
discussion of the different forms of field magnets at 
this stage. The idea is rather to think of the field as 
causing lines of force to circulate around the magnetic 
circuit. This is its only function — to create a mag- 
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netic flow — and it is evident that it can assume many 
forms. 

Before leaving this subject it will be necessary to 
study the effect of a current flowing in the armature. 
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We have seen, Figs. 15 and 16, how the lines of 
force due to the magnets N and S are distributed. 
There is also a magnetic force due to the armature 
itself. Consider the case of a ring armature as shown 
in Fig. 23. The current leaves the armature by a 
brush at A and enters by a brush at B, 

The current in the armature has magnetised the core 
with a N. pole at B and a S. pole at A, These poles 
are N'' N" and 8" 8", But there are the two poles 
N' ^vA 8^ vn the armature due to the magnets N 
and 8, The result will be that the poles will shift 
and the distribution of the lines of force will bo 
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similar to Fig. 24. The amount of shifting will de- 
pend on the relative strengths of the poles. That is, 
if N and S be constant the shifting will be greater 
as N" and >S"Vor the armature current, increases. 
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An immediate effect of this shifting of the poles is 
that the part of a revolution where a coil is including 
a maximum number of lines is shifted in a correspond- 
ing degree. It is evident that the coil is including 
the maximum number of lines when it is perpendicular 
to the lines of force. The diameter of the armature 
marked by the plane of a coil when it is being com- 
muted is called the diameter of commutation. There- 
fore the position of the brushes must be changed to 
correspond, for if a coil is commuted at any other 
time than when its potential is practically zero a vio- 
lent sparking will ensue. 
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The cause of this sparking is not far to seek. When 
the current in a closed- coil armature is commuted the 
coil is for the moment short-circuited by the brush, 
and unless this occurs at a time when the coil is cut- 
ting very few lines there will result in the coil a heavy 
current, and when that segment of the commutator 
passes from under the brush there will be a violent 
spark. The shifting of the brushes referred to is 
known as changing the lead, and it is evident that the 
lead given the brushes must be increased as the cur- 
rent in the armature becomes greater. If the strength 
of If and 8 be very great as compared to the mag- 
netism generated by the armature, the change of lead 
will not be so marked as otherwise. 
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THE DYNAMO AS A MOTOR. 

The preceding pages have considered the dynamo 
as a generator of electricity. It has been shown that 
when a coil of wire is rotated in a magnetic field, a 
current of electricity is set up in the wire. It has 
been shown how a current of electricity is generated 
by rotating an armature in a magnetic field. It will 
now be shown that this action is reversible. If a 
current of electricity is passed through an armature 
free to revolve and situated in a magnetic field, then 
rotation will result. In order to fully understand this 
phenomenon it is necessary to study one characteristic 
of lines of force which we have not yet considered. 
This is their property of shortening themselves. 
The lines must be considered as possessing a certain 
amount of elasticity. They may be stretched along 
any path, but they will always have a tendency to con- 
tract and take the shortest path between the two 
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points. Consider the combination of magnets shown 
in Fig. 25, where the magnets are immovable. Then 
a line of force, as shown in the sketch, will tend to 
shorten itself into a horizontal line and there will be a 
force acting at each end of the small magnet tending 
to turn it into a horizontal position. Now conceive this 
small magnet to be very short and stout, and then re- 
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N4 .-'T* 
Fig. 25. 
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place it by a wire carrying a current of electricity of 
which it is the equivalent magnetic shell. This wire 
or coil will evidently lie in a horizontal plane, and the 
tendency of the line of force to shorten itself will (if 
the coil be free to rotate) turn it toward a vertical 
position. As it approaches this position the force will 
gradually diminish. If the coil is replaced by an 
armature provided with a commutator, another coil 
will come into action when the armature has turned 
through a certain angle and (in the case of an opeu- 
coil armature) the coil which has passed the position 
of maximum effect will be cut out of the circuit. The 
result will be a continuous rotation of the armature. 



Digitized by VjOOQ IC 



64 CONTINUOUS-CUERENT DYNAMOS AND MOTORS. 

Fig. 26 represents the small magnet of Fig. 25 re- 
placed by a turn of wire carrying a current. If the 




Fio. 36. 

polarity of this coil is to be the same as that of the 
small magnet of Fig. 25, it is evident that the current 
must enter at brush A (see page 4A) and leave at 
brush B. Since the coil replaces the magnet in Fig. 
25, it is evident that rotation in the two cases will be 
in the same direction, and this direction is indicated 
by the arrow. This could have been determined from 
the rule given on page 26, remembering to use th^left 
hand as pointed out in the footnote. But we have 
seen that when an armature rotates in a magnetic 
field an electromotive force is set up in the arm- 
ature. 

If a coil is rotated in a magnetic field in the direc- 
tion indicated by the arrow in Fig. 26, there will be a 
current set up in the wire, and the flow of current will 
be from brush A to brush B outside the machine and 
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from brush B to brush A inside. But we have seen 
that the current which causes rotation flows from 
brush A to brush B in the machine, and consequently 
the two currents will oppose each other. That is, 
when a motor is running it develops an electromotive 
force which opposes the flow of current and may be 
termed a counter-electromotive force. The effective 
electromotive force is therefore the difference of the 
impressed and counter-electromotive forces. The 
effect of the counter-electromotive force is the same 
as increasing the resistance of the armature. 

The counter-electromotive force of a motor is one of 
its most important characteristics, as will be fully 
shown in the subsequent portions of this work. It is 
the one thing necessary for success, and those invent- 
ors who are trying to build motors without counter- 
electromotive force are not only striving for an impos- 
sibility, but for that which, if it could be attained, 
would destroy the usefulness of their machines. 

The motor being neither more nor less than a 
dynamo, it is not necessary to give a classification of 
the different types. The series, shunt, and compound 
motors are the same as the dynamos of the same class 
and may be so classified. They may be classified ac- 
cording to their fields in the same way that dynamos 
are divided, or if preferred according to their type of 
armature. The classification in most common use, 
however, is based upon the connections, dividing them 
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into series, shunt, and compound machines. That 
this is the more important feature will be more fully 
understood at a later time. For the present it is 
sufficient to say that their action, regulation, etc., are 
governed, not by the shape of the armature or of the 
fields, but by their connections. A series motor will 
give similar results under the same conditions no 
matter whether the armature is of the Siemens or the 
Gramme pattern. The same is true of a shunt motor. 
Almost any change can be made in the machine pro- 
vided the connections remain unaltered. But if a 
change is made from series to shunt or vice versa, 
entirely different results are obtained. 

We have seen that the current in the armature of 
a dynamo distorts the magnetic field, and it is but 
reasonable to expect a similar distortion in the case 
of a motor. Turning back to Fig. 23, page 49, if the 
combination is to be considered as a motor the cur- 
rent must enter the armature at brush A and leave it at 
brush B in order that rotation may be in the direction 
indicated by the arrow. This current will tend to 
magnetize the core with a north pole at xS" and a 
south pole at N^\ the reverse of the tendency in a 
dynamo. Consequently the actual pole will be shifted 
to the right and not to the left, and the field will be 
as shown in Fig. 27. 

In a dynamo the lines seem to be dragged around 
by the armature (Fig. 24), while in a motor they seem 
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to crowd up toward the part of the pole where the wires 
of the armature enter the field, as shown in Fig. 27. 
An important effect of this difference is that in a 
dynamo the brushes were given a forward lead (in the 
direction of rotation), while in a motor a backward 
lead must be given to avoid sparking. In each case the 
angle of lead is increased with the load, so that with 
a dynamo the brushes must be shifted forward as the 
load increases, and backward in case of a motor. 




Fig. 27. 

Figs. 27 and 24 should be carefully compared. 
Generally speaking, the principle of the dynamo is the 
same as that of the motor, and what is true in one 
case will hold in the other. One point, however, 
should not be overlooked. A series machine when 
operating as a motor will run against the brushes, 
while a shunt machine rotates in the same direction, 
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whether used as a dynamo or a motor. With a com- 
pound-wound motor the direction of rotation will be 
governed by the predominating coil. The direction of 
rotation depends, not upon the absolute polarity of 
either the armature or field, but upon their polarity 
relative to each other. If the polarity of either is 
reversed without reversing the other, the direction of 
rotation is reversed. If the polarity of both armature 
and field is reversed, there is no resulting reversal in 
the direction of rotation. It is evident that the action 
of a dynamo is to resist rotation, and it would be ex- 
pected that if the directions of the currents in field and 
armature are the same, that the machine as a motor 
will rotate in the opposite direction. This is true, and 
in a series motor the relative directions of the arma- 
ture and field currents are the same as in a dynamo 
and rotation is against the brushes. Eemembering 
that the current in the armature of a dynamo flows 
from the negative to the positive brush, it is evident 
that if the positive brush of the machine is connected 
to the positive side of the line the armature current 
will be reversed, while in a shunt dynamo the field 
current will still be in the same direction. We have 
therefore reversed the armature but not the fields, and 
consequently the direction of rotation is the same in 
a shunt motor as in a shunt dynamo. On the other 
hand, if the negative brush of the machine is connected 
to the positive side of the line the current in the 
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armature will be in the same direction as in a 
dynamo, but the polarity of the fields will be reversed. 
Consequently in this case also the rotation will be in 
the same direction in a motor and a dynamo. 

Since the armature current in a motor depends upon 
the diflference of the electromotive force of the line 
and the counter-electromotive force of the motor, it is 
evident that when the armature is standing stil), there 
being no counter-electromotive force to oppose the 
current, that an enormous current would flow if the 
normal working potential difference existed at the 
brushes. It is therefore necessary to have a resistance 
in series with the armature when starting a motor on 
a constant potential circuit. This resistance takes the 
place of the effective resistance of the counter-electro- 
motive force and must be gradually reduced to zero 
as the speed of the armature and consequently the 
counter-electromotive force increases. This is not 
necessary on a constant-current circuit, since the same 
current flows whether the machine is at a high or a 
low speed. The drop of potential over the armature 
depends upon its resistance and upon the counter- 
electromotive force, and therefore when the armature 
is at rest and no counter-electromotive force is being 
generated the drop is that due to the resistance alone 
and is not then nearly so great as when the armature 
is rotating. 

Having now considered briefly the principles of the 
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dynamo and motor, which are in general identical, 
and indicated the main difference in minor points, we 
will proceed to a consideration of the laws governing 
the economic design of these machines. 



Digitized by VjOOQ IC 



CHAPTEB V. 

CALCULATIONS PERTAINING TO THE MAGNETIC 
CIIiCUIT. 

In some respects the magnetic circuit may be con- 
sidered as the most important part of a dynamo. It 
is the body of the machine upon which the wire is 
wound. A change in one part may necessitate a 
change in all the other parts which is often expensive. 
On the other hand, the expense of rewinding may be 
comparatively small. 

Therefore the dimensions of the magnetic circuit 
should be carefully considered in order to avoid an 
expensive alteration after the machine is completed. 

The following symbols will be used in the subse- 
quent chapters, and so far as possible in their present 
significations. When this rule is departed from, the 
meaning of the symbol will be given in the text. 

Table of Symbols. 

a = density of lines of force. 

b = diameter of armature core. 

c = current. 

61 
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C = number of conductors counted all around 

the armature. 
Co = armature current. 
Gs = field current. 

d = length of a portion of the magnetic circuit. 
^= potential difference. 

^, = hysteresis loss in ergs per cubic centimeter 
per cycle, 
e = length of arc on pole-piece. 
F = friction. 

g = hysteresis loss in ergs per revolution. 
h = number of turns in series coil. 
k = radius of armature. 
-K' = a constant. 
I = length of armature parallel to shaft. 
m =: " ** an average line of force in the ar- 
mature. 
M = length of an average line of force in the 

field. 
n = number of turns of wire. 
= " " " in shunt coil. 
li = resistance. 
Ha = resistance of armature. 
H^ = " " series coils. 

Bs = " " field coils. 

S = area of a portion of the magnetic circuit. 
w = work performed by a motor. 
AH = cross-section of field. 
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HP = horse-power. 
Z OT /3 =z total induction. 

7; = commercial efficiency. 
GO = angular velocity. 
€ = counter-electromotive force. 
y = leakage coefficient. 

As has been pointed out, the function of the field is 
to cause lines of force to pass through the armature. 
For this reason one of the first problems presenting 
itself is the determination of the induction through 
the armature from obtainable data. There are two 
well-known methods of making this calculation. One is 
due to Mr. Gisbert Kapp, the other to Drs. J. and E. 
Hopkinson. Kapp's method is practically as follows : 

Consider a ring, Fig. 28, cut across on one side by 




Fig. 38. 

two planes the distance between which is d ; let this 
distance be very small. 

If the area of the metal be S^ and the density be 
a, then the total lines of force flowing across the space 
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d will be 8a. Now conceive the ring to be made up of 
a great many small magnets, m m\ Next consider each 
of these small magnets to be replaced by a turn of 
wire carrying a current of electricity. The magnetic 
moment of this series of magnets is wc/Si where n is 
the number of turns of wire and c is the current flow- 
ing. This is evidently true, since (according to Am- 
pere) each elementary magnet may be replaced by an 
equivalent magnetic shell the product of whose cur- 
rent and area is the magnetic moment of the elemen- 
tary magnet. This series of elementary magnets hav- 
ing their poles in contact, the magnetic moment of 
the series is equal to the product of the distance 
between and the magnetism distributed over the end 
surfaces. We have, since the two expressions are for 
the same magnet, 

Sad-nc8. (1) 

This would be the expression provided the effect 
is due to the current alone. But we have seen that 
from a unit magnetic pole 4;r lines of force emanate, and 
from a pole of strength Sa there must emanate 4:7t8a 
lines ; and representing this number by Z, 

Z = 4:7r8a, 
or 

4i7t 
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Substituting this value of Sa in equation (1), 





Snc = 


!j. 




Z=: 


4:}tncS 
d ' 


ich may 


be written in 


the form 




Z = 


4jrnc 
d 

S 



(2) 



This equation has been derived for plane surfaces, but 
is also true with curved, provided d is small compared 
to S. This may now be applied to the dynamo. If 
I = length of the armature, and e = length of the arc 
on pole, S =le; and writing P for exciting power, 

4;rP 



Z = 



2d 
le 



The factor 2 is introduced since there are two air gaps, 
one on each side of the armature. 
This equation may also be written 

^=ij (3) 

4:7rel 

This expression is very similar to Ohm's law, for P 
represents a magnetic pressure or magneto-motive 
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force, andj-TT may be considered as a magnetic resist- 
ance. Eepresenting this by J?, we may write 

Now the electrical resistance of a conductor is the 
product of the specific resistance of the metal multi- 
plied by the length and divided by the cross-section. 
Similarly, magnetic resistance is made of length (2c?), 
cross-section (fe), and specific magnetic resistance, 

which must be j-. This value j— may be called the 

specific magnetic resistance of air. 

Equation (3) gives the value of the flow in absolute 
or C. G. S. units. To reduce to what he considers 
more convenient units Mr. Kapp divides the lines of 
force by 6000,* changes the lengths from centimeters 
to inches, and expresses P in ampere-turns. By this 
alteration equation (3) becomes 

P 

6000Z== -— i^-— ; 
2.54 2c? 

6.45 ^ 4:nd 



Z = 



d 



' A Kapp line is equal to 6000 C. G. 8. lines of force. 
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It must be renaembered that this formula is correct 

only proyicled the iron in the coils does not contribute 

to tfee'lines (which is by no means true), and that there 

^-■1s no resistance in the circuit except that of the air- 



r 




Fio. 



space. After a great many experiments Mr. Kapp 
gave the following value for the resistance of the air- 
space : 



1440 



2d 
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if the armature core and field magnets are of wrought- 
iron, and 

el 

if the armature core is of wrought-iron and the field 
magnets of cast-iron. 

Further, he finds that the iron of the magnetic cir- 
cuit offers some resistance ; and taking the dimensions 
given in Fig. 29, he states the formula for the number 
of Kapp lines in the armature as 

el ab AB 

if the armature core and field magnets are of well- 
annealed wrought-iron, and 

g L> 

if the magnets are of cast-iron. 
In these formulsB 

m = length of average line in armature ; 
M= " " " " " field; 
ah = cross-section of armature ; 
AB= " " field. 

P = ampere-turns. 
Z = Kapp lines. 
The dimensions are in inches. 
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These values are for single magnetic circuits. If the 
dynamo has a double magnetic circuit as shown in 







Fio. 80. 



Fig. 30, the formulsB are somewhat modified. 

Each side of the circuit contributes one half the 
number of lines, and for this case Mr. Kapp writes 



Z 

2 ' 



1440^^ + 2^ + ^^ 



(6) 



d 



ab^AB 



for wrought-iron magnets, and 

.8P 



Z 

2 ' 



i««+5+S' 



. . (7) 



if the magnets are of cast-iron. 

These formulse apply to fields where the intensity of 
magnetization does not exceed 10 Kapp lines. For 
more intense fields the magnetizing power required is 
considerably greater than that given by the equation, 
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The second method is due to Drs. J, and E. Hop- 
kinson and is in some respects more satisfactory than 
Kapp's method. In order to fully appreciate this 
method it is necessary to first consider some problems 
in magnetism. 

Conceive a closed curve drawn in a magnetic field. 
Consider this line to be composed of many small 
elements. Then the force required to move a free 
unit pole around this curve is equal to the sum of the 
lengths of these small elements each multiplied by 
the force at its centre estimated in the direction of 
the line. This sum is called the line integral of 
magnetic force along that line. The two cases of 
importance are : First, when the line lies wholly in 
the air and does not link or surround an electric cur- 
rent. In this case the line integral is evidently zero, 
for no energy is expended in moving the pole around 
the path. Second, when the line surrounds or is 
looped with a wire carrying an electric current. 

Consider the simplest case : a straight wire carrying 

a current, the return being a great distance away. 

Consider a circular line at the distance r from the 

wire. The length of the line is evidently 27tr, and the 

2c 
force at any point is — . Then the line integral equals 
r 

2e 

2;rr — = 4:tc. Now consider that in place of a 

straight wire we have a solenoid of n turns, and that 
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the current is expressed in amperes rather than in 
C. G. S. units. Then 

line integral of magnetic force = -ttt-- • (8) 

This is the general form of the equation and can be 
shown to be true in all cases. The term magneto- 
motive force has also been applied to this quantity. 

Consider a long thin wire placed in a magnetic field 
parallel to the lines of force. If the length of the 
wire be represented by I and its cross-section by », the 
number of lines of force which would pass through 
the wire when placed in a field of intensity II (due to 
the field alone) is Ifs ; and if the wire be cut in the 
middle, this is the number of lines (due to the field 
alone) which would cross the gap. We have seen 
that from a pole of strength m 4^m lines of force 
emanate ; and if the poles induced at the ends of this 
wire are of strength m, there will be 4:7cm lines of force 
added to the Hs lines. 

Representing by /3 the number of lines of force 
passing through every square centimeter of cross-sec- 
tion of the wire, 

/?« = fls + 4:7t7n ; 
ml 



/,= ff+4,.^. 
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VfhL 

But —J is the moment of the magnet divided by its 

St 

volume ; and if this be represented by /, 

But /depends for its value on the strength of the 
field producing it ; and if the ratio between / and the 
field is represented by K^ 



or 



This value fJL = 1 + 47rir is called the permeability 
of the iron and represents the ratio of induced mag- 
netism to magnetizing power. It is evident that for 
air the value of this ratio is unity. 

In a magnetic circuit we have seen that the mag- 
netic resistance is similar to that offered by a conduc- 
tor to a current of electricity ; that this resistance was 
of the character of a length multiplied by a suitable 
factor (depending on the quality of the iron) and 
divided by an area. 

This factor is the one just determined j and since 
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the resistance diminishes as the quality of the iron 
improves, we may write 

where d is the length of the magnetic circuit, S its 
area, B the magnetic resistance, and ja the permeability 
of the iron. 

If /3 represent the number of lines of force in the 
circuit, it is evident that to force these lines through 
the circuit it is necessary to have a magneto-motive 
force or line integral of magnetizing force equal to 

d^ 

and from equation (8) we may write 

^^^ = ^' (9) 

which is the equation for the magnetizing power (in 
C. G. S. units) required. 

In applying this formula to a dynamo it is desira- 
ble to alter it in some ways. In place of finding the 
magnetizing force required for the whole circuit, it is 
better to divide the circuit into several parts, to 
consider the parts separately and take the sum of the 
magnetizing forces as the value sought. 
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This is necessary, since the diflferent portions of the 
magnetic circuit may not be of the same quality of 
iron and the value of ^i will not be the same through- 
out the circuit. Also, any one part may be consider- 
ably out of proportion and should be corrected. 
Therefore the formula gives not only a method of 
determining the ampere-turns required, but it also 
provides means of inspecting the proportions of the 
parts and of determining the effect of an alteration i^t ' 
any of them. The natural divisions of the magi}«*ic 
circuit, Fig. 31, are 

Armature (1); 
Air-space (2) ; 
Pole-pieces (3) ; 
Field cores (4) ; 
Yoke (5). 

Let d with subscripts 1, 2, 3, 4, ^.Bd 5 represent the 

lengths of the average lines in tUe^e parts. Then 

"/■' 
d = rf, + 2rf,+ 2d..4^'2cZ, + d,. 

Let ;S' with similar subscripts represent the area of 
cross-section of the parts and //^ , Z^, , etc., their per- 
meabilities. / 

Assume that (by some mii-acle) all the lines of force 
which pass through the field cores also pass through 
the armature. This is by no means true, but the 
nature and extent of the error will be shown later. 
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From formula (9) the following values of the line 
integral for the parts are taken : 




for the armature 






for the air-space -^, 
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since the permeability of air is unity ; 
for the pole-pieces -^ — 5 



for the field cores 



for the yoke 



2^. 



and the total power required for the circuit is 

In applying this equation to a dynamo it would be 
found that the ampere-turns given by the formula 
would be from 25 to 40 per cent too low. The reason 
of this error is quickly found. 

We have assumed that all the lines of force in the 
field pass through the armature. This is by no 
means true, and to obtain a true formula it is neces- 
sary to find what per cent of the total lines is useful, 
that is, what per cent passes through the armature. 

The ratio of the waste lines to the total lines is 
called the leakage of the machine, and is approxi- 
mately constant for machines of the same type re- 
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gardless of size. The value of this ratio may be 
obtained as follows :* 

Where it can conveniently be done, disconnect one 
coil of the armature from the commutator and con- 
nect it to the terminals of a ballistic galvanometer. 
Where this is not convenient take several turns of 
very fine wire around the armature, placing it as near 
the core as possible, and connect the ends to a bal- 
listic galvanometer. Turn the armature until the 
coil connected to the galvanometer includes all the 
lines passing through the armature. It is evident 
that when lines of force are passed through (or taken 
out of) this coil, a momentary current of electricity 
will flow through the galvanometer and a throw of 
the needle proportional to the disturbance will result. 
Therefore, if a current of electricity flowing through 
the field coils of the machine (the armature being 
disconnected so that no rotation will ensue) is 
broken, lines will be taken out of the coil on the 
armature (since the flow will reduce to zero) and a 
throw of the galvanometer will result. When the 
current is again allowed to flow around the coils 
there will be a similar throw in the opposite direction. 
If JTis the constant of the ballistic and x the throw 



* It has also been derived from purely theoretical considerations 
by Prof. Forbes, Journal of Society of Telegraph Engineers and 
Electricians, November 25, 1886. 
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of the needle, the number of lines of force passing 
through the coil of n turns on the armature is 

Kx 



Now take a few turns of fine wire around the field- 
magnet and repeat the operations. If there are n' 
turns and the throw of the ballistic is 2/> the number 
of lines passing is 

Then the ratio of useful lines in the armature to the 
lines in the field is 

Kx 

n n'x 



Ky ny 



n. 



Since the value of K is eliminated, it is not neces- 
sary to determine it. 

In a similar manner we may obtain the ratio of the 
lines in the armature to those in the poles, 



and for the yoke 



n"x 



nz 



nw 
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Representing the reciprocals of these values by v with 
suitable subscripts, we have 



= ^; 



ny 
n'x 

nz 
v • 

nw 

When /3 lines of force pass through the armature, we 
have : 

Through the pole-pieces /3y^. 

" " field cores /Sv^. 

" " yoke /Sv^. 

Substituting these values in equation (19), 

which is the correct value of the magnetizing force 
required to force /3 lines of force through the arma- 
ture, neglecting the reactions of the armature itself. 

Therefore the equation gives the magnetizing force 
required when the machine is running on open cir- 
cuit. 

Representing by x (with suitable subscripts) the 
magnetizing force applied to the different portions of 
the magnetic circuit, we may write 
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For the armature * 






For the air-space t - 






For the pole-pieces 



a;, = 






^ = 2fe. ^•^- 



For the field coils 






For the yoke . 






* The value of dx should be somewhat in excess of the shortest 
distance between the poles. 

f The value of 8^ should be about 13 per cent greater than the 
bored surface of the pole to allow for dissipation of the field. 
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Now give different values to a;, , a;, , a;, , etc., and 
calculate the corresponding values of §. 

The formula for the air-space is evidently the equa- 




2000 4000 6000 8000 10000 12000 
Fig. 32. 

tion of a straight line passing through the origin. It 
is therefore necessary to determine only one point, 
preferably a point of rather high co-ordinates. 
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The other equations are all of similar form, 

^ = dyf^' 

The value of v in the expression for the armature is 
evidently unity, and it has been shown how the value 
for the different parts of the circuit may be determined. 
It is now only necessary to determine the values of ^ 
in order that the values of ^ may be fixed for given 
values of x. These values may be taken from the 
curves (Appendix I). In taking these values it should 
be borne in mind that the values of H are per unit 
length, and that the assumed value of x must be 
divided by ci, , d, , etc., to determine the true value of 
//. This value must be determined for the different 
assumed values of a?, and the corresponding value of 
}ji read directly from the curve for that class of iron. 

For instance, if the length of the line through an 
armature is 12 cm. and the area of iron section 160 
•sq. cm., 



» 160 



X 

and for a value 600 of x the value of -^ is 50. From 
the curve (Appendix I) for sheet-iron, we find the 
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corresponding value of pi to be 290. Therefore when 
a; = 600, 

^ = ^ X 600 X 290 = 2,320,000. 

Whenever it can be obtained it is of course desirable 
to have the H and // curve for the particular brand of 
iron used. In the absence of such information the 
curves given in the Appendix may be taken Jas fair 
average values. 

Having found a number of values of ft for the 
different portions of the magnetic circuit, curves should 
be plotted as shown in Fig. 32. The characteristic is 
for the machine as a whole, and the abscissse for any 
ordinate maybe found by adding together the abscissae 
for the same ordinate in all the curves. This is the 
characteristic of the dynamo, and will be correct 
within a very few per cent. 

By this method of plotting the curves for the parts 
separately it is an easy matter to determine the effect 
of any change in the dimensions. Perhaps a little 
more iron is needed in some one part and a little 
may be spared from some other. The economy of 
plotting these curves can hardly be overestimated. 
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CHAPTEE VI. 

THEORY OF WINDINGS, LOSSES, ETC. 

Having determined the total induction through the 
armature, the next step is to calculate the potential 
difference developed by the armature. Consider first a 




Fio. 88. 



simple armature of one turn, Fig. 33. N and S repre- 
sent the two magnet poles, and A and JB two brushes 

84 
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which press against the ends of this single turn. Con- 
sider the field to be uniform, and let there be a 
lines of force passing through each square centimeter. 
Let the length of the coil parallel to the shaft be l^ and 
let the dimension perpendicular to the shaft be h. 
Then the area of the coil is = Ik sq. cm. 

In one revolution the outside wire moves through 
27th centimeters ; and if r be the revolutions per 
minute, the speed of the wire in centimeters per second 
will be 

27ihr /"^r - " - ' , 

"eo"- V • ^ : . 

\ c' 
In the position shown in Fig. 3^ the wire i^moviiig- 
at right angles to the lines of force, and its rate of cut- 
ting the lines is 

2nlcral 
60 per s®«- 

But when the coil has mov6d through an angle a 
it no longer cuts across the field at right angles. Its 
rate of cutting lines is evidently proportional to sin a, 
and we may write for the rate of cutting 

27tkrol . 

sm a. 



60 
But the potential difference is a measure of the rate 
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of cutting lines of force ; and if the potential difference 
of this coil be E\ we may write 

^, 27tJcral . ,^_. 

^' = gQ sm a (12) 

It is evident that this potential difference (since it 
is proportional to sin a) will vary between zero and a 
maximum. But this varying potential is of little ser- 
vice in some respects, and we have seen in a pre- 
vious chapter how it may be transformed into a poten- 
tial difference which is constant. The value of this 
potential difference is 

-*=^ (13) 



* This equation is derived as follows : 

Let the angle between the plane of the coil and the lines of the 
force be cr, and consider that in an infinitesimal time dt the coil ad- 
vances through an angle d a\ then if the brushes be connected through 
a resistance R, the quantity of electricity which will flow through 
the circuit in time dt is 

27tkarl sin a dt ... 

^^= 60 ^^^ 

But in the time dt the coil has moved through an angle da and the 
wire has moved through a space = k da; and since the iimeiadt, the 
velocity is evidently 

kda 

dt ' 
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If now the coil is extended to the opposite side and 
the two ends brought to a two-part commutator, Fig. 
34, the two outside wires are under similar conditions 



Substituting this value in equation (A) for its equivalent, -^ gives 

kal sin a da 
dq= ^ . 

The quantity of the flow will in one half a revolution diminish to 
zero and increase again to a maximum ; the second half of the revo- 
lution being a repetition of the first except that the direction of flow 
in the coil is reversed. Therefore the quantity of the flow in moving 
through 180" is 

9=1 -g- sm a da (B) 

." ^^^'. ^ , , ■ ^^'* 7 

Integrating between these limits gives • , .'"•'' ^ ^ *.■ I L 
5 = ^.. ". .'...... (C) 

If a constant potential difference act upon the circuit for a lime t, 
the quantity of the flow will be 

Et 

and since in this case i is the time of one half-revolution, 

< = — -, and 
and 
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except that the direction of the induced potential dif- 
ference is reversed. Since these two outside wires 




Fig. 34. 



are in series, their potential differences are added ; 
and for this arrangement it is evident that 



E = 



Slkar 



(14) 



Equating these two values of q, (C) and (D), 



^60 



E = 



2kal 
E 

4lkar 



(18) 
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The potential difference will be still greater if instead 
of one turn the coil is composed of a great number of 




Fig. 35. 



turns as shown in Fig. 35. If there are n turns in the 
coil, the potential difference will be 



E = 



Slkarn 
60 • 



(15) 



The maximum number of lines of force included in 
the coil is 2W, and for this quantity we may write /3, 
the total number of lines of force passing through the 
armature. Then 



^ = 



4tm/3 
"60"- 



(16) 
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This result is in C.G.S . units of potential diflference. 
To express the value in volts, 

667m/? 

^ ~"io^> (1") 

which is the equation for the potential difference of a 
shuttle-wound armature. 

This will have to be modified in order to make it 
apply to modern armatures. Consider a closed-coil 
drum armature. We have seen in the earlier part of 
this work that the potential difference between the 
brushes of a closed-coil armature is not the sum of the 
potential differences of the separate coils, but is one 
half that sum. Therefore we may write 

±j = iQ« -. ..... (18) 

This is the equation for the potential difference of a 
closed-coil Siemens armature. The equation for a 
closed-coil Gramme armature is 

If in place of n, the number of turns on the armature, 
we write (7, the number of conductors counted all 
around the armature, we may write 

^=i^. m 
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This equation applies to either a ring or a drum 
armature, for it is evident that a drum armature hav- 
ing the same number of turns as a ring armature will 
have twice the number of external wires. 

Let us consider the action of a ring armature in a 
four-pole field. If the lines of force eminating from 
each pole is the same as in the machine we have been 
considering, then each wire of the armature cuts across 
the same field in one half the time that was required 
before, and (20) becomes 

But the arrangement of the coils is not the same for 
a four-pole as for a two-pole machine. In the latter 
the two halves of the armature are connected in mul- 
tiple and the potential difference of the machine is the 
same as either half. But in a four-pole machine the 
coils are arranged in four sets, and these four sets are 
in multiple. The potential difference of the machine 
is the same as that of one of the quarters. Therefore 
our last equation becomes 



or 



E- ^ 






10- 




167rC7/J 

J 






Digitized by Google 



92 CONTlNUOUS-CtJRRENT DYNAMOS AND MOTORS. 

tlie original form. Similarly it may be shown tliat 
this formula will apply to any multipolar field pro- 
vided the value of C is suitably taken. 

With an open-coil armature the matter is not so sim- 
ple and depends, not upon the total wires, but upon 
those in action at one time, and also upon what portion 
of a revolution they are active. A formula could be 
derived from this class of armatures by integrating the 
expression (equation B, footnote page 87) between the 

proper limits and suitably altering the value i = -^, 

etc., etc. This will not be done, as there are but few 
open-coil machines in use, and it is probable that a 
problem of this character would require special solu- 
tion, in which case a general formula would be of 
little service. 

Having determined the potential difference gener- 
ated by an armature and its relation to the total in- 
duction it is necessary to investigate the subject 
of the winding of field coils. Turning to Fig. 32, 
select some point "A" on the characteristic before 
the curve becomes too nearly horizontal. Let the 
co-ordinates of this point be H and /?. If the dynamo 
is working at this point, the magnetizing force is 
^Tfrn — H^ 

H 

nc = 7—. 

Ampere-turns = -r— = .8J7, 
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With suitable care in giving values to the different 
factors this method can be applied to any dynamo. 
In applying formula 11 to dynamos having a double 
magnetic circuit (Fig. 30), it must be remembered that 
the value of S^ is the sum of the areas of the two fields, 
and d^ is the length of the line in one field, and that 
the fifth term drops out altogether as there is no yoke. 
It must also be remembered that the ampere-turns 
will be those required for each field. Having now the 
characteristic of the dynamo on open circuit, it is next 
desired to find the effect of a current in the armature 
in order that the proper number of turns may be given 
to the series coil. 

The windings may be determined by the following 
method : 



5 |£ 
. > <y- 
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Separately excite the machine with a constant cur- 
rent and vary the load on the armature up to the 
maximum to be required when completed. As the 
load increases the voltage will diminish. Plot the 
curve A: (Fig. 36) with currents in the armature as 
abscissae and volts at brushes as ordinates. Now 
change the field current so as to maintain a constant 
potential at the brushes, and plot curve B with cur- 
rents in the armature as abscissae and ampere-turns 
on field as ordinates. 

The curve cutting the axis of ordinates gives the 
ampere-turns required on open circuit. This is the 
number required for the shunt coil. At full load IP 
additional ampere-turns will be required ; and ii 00 
represent the current for this load, the number of 
turns in the series coil 

■^ - 00' 
For another load OD, 

IM 



and similarly 



^ OD' 



^ ~ OC 



The average of these resnlts will give the reqnired 
number of turns in the series coil. For most purposes 
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it is sufficient to determine the value of T for the 
maximum current. 

It now becomes necessary to know wEat power will 
be required to drive the dynamo when completed. 
The energy of the current is evidently 

-Eb watts, 

where ^= potential in volts at the terminals and c is 
the current in amperes flowing. If there were no loss 
in the conversion, this would be the power required to 
drive the dynamo. There are, however, losses which 
must be considered. A certain amount of energy is 
employed to heat up the conductors. If 
R^ = armature resistance, 
a, = field resistance, 
Ca = arm current, 
C, = field current, 
c = current in external circuit, 
S = potential of external circuit, 
we may write for a series dynamo 

Then the drop of potential over the armature is cRa » 
the drop over the field is CsR, , and the drop over the 
external circuit is 

FzzzcR. 
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E is not the potential difference generated by the 
armature, but that available in the circuit. The poten- 
tial generated is in a series dynamo 

We have seen that this potential difference is 

where C = conductors counted all around the arma- 
ture, r = rev. per min., and fi = total induction through 
the armature. 

c(-B + jBa + -B«) = — 10^""' 

which is the equation of current in a series-wound 
dynamo. The power lost in heating the armature- 
coils is C^Rat that in heating the field-coils (7*^,. 
These two losses are known as the wire losses of the 
machine, and the power required to drive the dynamo 
has now become 

With every revolution of the armature its mag 
netism is completely reversed and then brought back 
to the initial condition. There is a certain amount 
of energy consumed in carrying this mass of iron 
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through this cycle. A curve is given (Appendix I) 
showing the energy expended in carrying a cubic 
centimeter through this cycle of magnetism at dif- 
ferent intensities of magnetization. If the radius of 
the armature-core is h and its length parallel to the 
shaft is l^ the volume of iron is nkH ; and since the 

cycle is completed every revolution, there are ^ 

cycles per sec. If E* represents the power lost (in 
ergs per sec.) in carrying one cubic centimeter of the 
iron through a cycle, the power lost in the reversals 
of the magnetism of the armature is evidently 

T 

TtT^l^E^ ergs per sec. 



"60 
= .052FZr^, 

mmnrE, 



watts ; 



~ 10' 

but since about 10 per cent of the armature volume is 
paper, we should write 

Iron loss = — io^~^»- • • • ^) 

The power required to drive the dynamo has now 
increased to 

Ec + o\Ra + R,)+ j^y E,. 

* This value Ei can be read directly from the curve for the corre- 
spondiug value of fi and must not be confounded with E, the poten- 
tial diif erence. 
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There is one more loss which should be considered, 
although it is slight. This is the power lost in fric- 
tion. Representing this loss by Fy we may write as 
the total power required to drive the dynamo 

047Jfc'Zr 
If the speed is constant, the factor 



MWlr 



^K + F 



10 

is practically constant. Representing this value by 
K, the power required to drive the dynamo may be 
written 

Eo + c\R,^R:i + K * 
HP = ^jg . . (23) 

The ratio of the useful work given out in the form 
of electric energy to the total work expended is called 
the commercial efficiency of the machine. Bepre- 
senting this by tj, we piay write 

_ Ec 

* A method of determining the value of K will be given in the 
section on testing. 
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It is evident, since JFand Care included in it, that 
this value is not constant, but depends on the amount 
of work the machine is doing. Therefore in speaking 
of the efficiency of a dynamo it is always advisable to 
mention the power given out by the machine, as well 
as its rated capacity. 

The difference between the series and the shunt 
machine is confined to the windings. In case of a 
shunt machine we may write 



E= '-^^^^r^ - C^R. 



.167rC/3 

10* 
.167rC/3 p , , „, 
— lO*"" ~ "^" + ^'^ 
.167rC/3 



4i+§+t) 



B = 



10* 
.167rC/} 

10* ' 
.167rC/? 



^'^yji-^Bj' 



liA(y 1 



167rC/3JiJi, 



_ £_ .167rC^B, 

^-^-W{JiB,-\-Ii.Ba-\-RIia)' ' ^ ^ 

Considering the losses which occur in the machine, 
it is evident that the constant JTwill be the same for 
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a shunt as for a series machine, and we may write for 
the power required to drive the machine 

HP = ^jg . . (26) 

The commercial efficiency is 

For a compound-wound dynamo the value of jK'will 
still remain the same, and the power required to drive 
it will be 

SP^- Tjg , (^») 

where R^ is the resistance of the series coil, and the 
commercial efficiency is 
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CHAPTEB Vn. 

THE DYNAMO AS A MOTOR 

Having now examined the dynamo as a generator, 
let us consider its characteristics when acting as a, 
motor. 

It is evident that the field winding will not be 
altered. The main difference is that now we have 
given the fall of potential over the machine or the 
current and are required to determine at what speed 
the motor will run and how much useful work it will 
perform. 

We know that when the armature is rotating in a 
magnetic field it generates a potential difference in 
direction opposite to that forcing the current through 
the armature. Eepresenting this counter-electro- 
motive force by e, it is evident that in a shunt motor 

E — € E 

Ca = — s — and the current in the field is ^-. Con- 

sidering that the only losses in a motor are those due 

101 
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to a heating of the conductors, we may write these 
losses : 

For the armature ( —^ — j Ra* 

For the field coils f-g-) R.^ 

Then if Eo is the electric energy consumed, there is 
available at the pulley of a shunt motor 

~^\ R^ ^r)~ Ra ~ R, 

_ E{E-e)R, + E'R^-E^R, + lEeR, - e*R,-E*R^ 

RaR, 

If the motor had been series instead of shunt wound, 
the whole current would pass through the armature 
and the work done would be 

UOa-Ca'Ra-CVRr 
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We know that 



or 

Therefore 

Ca\Sa + Us) + ^Ca - Ca'Ra " Ga'B, = WOrk done 

= Ga'Ra + Ga'R. + 6(7^- C:."i2a - G:R, 

= 6(7,, 

which is identical with our former equation. That is, 
the work done by a motor is the product of the coun- 
ter-electromotive force multiplied by the armature 
current. The work done by a motor is also equal to 

where go is the angular velocity and T the torque in 
pounds at one foot radius. 

00 z=L 27tr ; 

^^ = 33000-7i6 ^^°^ 

We know that 
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Therefore 

^nrT_ .WjrCftCa, 
33000 ~ 746 X 10' ' 

^^ 33000 X.167rC/S(7„ 



2a-r X 746 X 10* 
1.18CyJ(7„ 



10' 



(31) 



The equations for torque may be derived in a dif- 
ferent manner and in one which may perhaps be more 
acceptable to the student. 

It has been shown (pages 20 and 21) that if a wire 
carrying one ampere is moved across a magnetic field 
at such a rate that one volt is generated, the power re- 
quired is one watt. If the wire is one centimeter long 
and the intensity of the field is one line of force per 
square centimeter, the necessary speed is 10* centi- 
meters per second (see page 18). Now one watt is 10^ 
ergs per second, and consequently the work done in 
moving the wire across the field is 10^ ergs, and this is 
independent of the speed. In moving 10* centimeters 
the wire has cut across 10' lines of force and the energy 
expended is 10^ ergs. Therefore for each erg expended 
in moving the wire across the field 10 lines of force 
have been cut. This action is reversible, and if the 
motion is caused by the current one erg will be devel- 
oped for every 10 lines of force cut by a wire carrying 
one ampere. 
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If there are c amperes flowing in the wire, the 
work performed in cutting 10 lines of force is c ergs, 

the work performed in cutting one line is ttt ergs, and 

the work performed in cutting /3 lines is 

c/3 

10 ®^^®- 

Further, if there are C wires in place of one and 
each wire carries c amperes, the work performed in 
cutting across the field is 

Cc/3 
-j^ergs. 

Now apply this equation to a motor. There are O 
wires counted all around the armature, and therefore 
this factor remains the same. The current in an arma- 
ture (for a 2-pole field) divides into two equal parts 
and each wire carries ^Ga, therefore c may be replaced 

by Y- 

A wire in the anuature cuts across the field twice 
in one revolution. Therefore we must write 2/? for /3, 
and the equation becomes 

Cxfx2/? ^^^ 

~ ergs. 



10 ~ 10 
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But in order to express this value in terms of the 
radius (which is necessary since torque is a turning 
moment) we must di\dde hy 27t and the expression be- 
comes, representing torque by T, 

■^ " 10 X 27r ^^SS. 

But 1 erg = ' ^^, — ft-lbs., and consequently in 

order to express the last equation in pounds at one 
foot radius we must write 

rp_ CCaP .. 7.37265 
10 X 2;r ^ 10' 

_ 1.18 CCg fi 
~ 10' ' 

which is identical with equation (31). That is, the 
torque depends only on the number of conductors in 
the armature, the total induction through the arma- 
ture, and the armature current, and is independent of 
speed except to the extent that the speed affects the 
current by means of the counter-electromotive force. 

1.180/3 CgX^Ttr . eCg, 
10* "33000 ~746' 

33000 lo; 

746 2jr(7/3xl.l8^ 
^-10* (32) 



r = 
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That is, the speed of the motor is proportional to 
the counter-electromotive force, and the torque is 
proportional to the armature current. 
We have seen that for a series motor 

M - e{B^ + B^) = w. 

This equation may be written 

Ec w _ 



Ec . E' E* 



w 



B,+B,^ 4(^<. + B,r - 4( A + R.r ^a + b: 



. _ ^ _ VE'-4M(Ba + B,) 
" 2(i?„+i?.)-± %Ra^B,) ' 

Since a negative value cannot have a square root, 
the greatest possible value of ^w{Ra + ^^ is E^, and 
consequently the greatest possible value of w is 

E^ 

When this is true the last equation becomes 

,___4^ 
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Eemembering that in a series motor c and Ca are 
identical, we may write for the current flowing in a 
series motor when maximum work is being performed 



We know that 



<7„ = 



E -€ 

Ba + B: 



Therefore a motor is performing its maximum work 
when 

E-€ E 



i?a + 


n.- 


-2(2?. + ^.)' 


%E- 


■e): 


= E; 




2e: 


= 2E-E=E; 




e 


E 
~2* 



It is now necessary to consider whether this equa- 
tion is true in a shunt motor. It is known that 

■£(0. + c.) - a*i?a - c:b, = w. 

Ca'Ba - ECa = EC, ^ W - C'li. i 

EO^ EG, -V}- 0:R, 



a 
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r._iGa E^_JE^ ^ EC,-w- C' B, 



= ± 



i^E* + iRajEG.- G/R,)-4:RaW 



2R. 



a 



E 

Since (7, = ^5-, the second term under the radical 
^. 

sign becomes 

and the equation may be written [ V^sjy ' .^ 

Following the same course of reasoning as in the 
series motor, the current flowing when maximum work 
is being performed is 



2^„" 

In a shunt motor we know that 

E-e 



Ca = 



Ra • 
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Therefore, when the motor is performiiig its max- 
imum work 

E-e E 



Ra 


~2i?„' 






26 


= 1E- 


E = 


K 


£ 


E 

~ 2- 




> 



That is, the counter-electromotive force is equal to one 
half the potential of the mains. We have seen that 
the efficiency of a motor is 

6 

if the wire losses are assumed to be the only ones. 
Therefore when a motor is doing its maximum work 
its efficiency is 

2 

V = -T;r = 60 per cent (33) 

This is known as the law of maximum activity and 
was for a long time confused with the law of effi- 
ciency. 

It is due to this misconception that some of the 
earlier investigators believed the maximum efficiency 
of an electric motor to be 50 per cent. It is evident 
that this law has nothing to do with the law of 
efficiency. 
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Motors like dynamos may be divided into three 
classes, series, shunt, and compound wound. 

The Series Motor. 

This class of motor is used upon both constant- 
potential and constant-current circuits. It is not 
self-regulating in either case. When used on constant- 
potential circuits (as in street-railway systems) the 
speed is controlled by hand. When used upon con- 
stant-current circuits the motors are usually provided 
with governors to regulate the speed. We have seen 
that the torque of a motor depends upon the current 
in the armature and the intensity of the magnetic 
field in which it revolves (the winding being fixed). 
Therefore on « a constant-current circuit the only 
factor which can be changed is the strength of field, 
and this must be weakened as the load diminishes and 
strengthened as the load increases. The most general 
method of accomplishing this effect is by means of a 
centrifugal governor which cuts out layer after layer 
of the field coils as the load diminishes. It is evident 
that unless the field is weakened as the resistance to 
torque diminishes, the motor will race. We have seen, 
equation (30), that 

27irT eCg 
"33000" 746' 
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We have also seen that in a dynamo there is a certain 
loss accounted for by the constant K. This loss is in 
watts and, neglecting friction, may be written 

^ " 60(10)^ ' 

where r is the number of revolutions per minute and 
g is the iron loss in ergs per revolution. Equation 
(30) is true only when the wire loss is supposed to be 
the only one and the correction is this constant K. 



eC.-.-^^ 



2nrT _ " 60 X 10* . 
33000 ~ 746 



(34) 



_ (60 X lO'eq - rsf)33000 
60 X 746 X 10' X 2wr ' 



since e = 



A&JrCfi, 



T = 



10* 

(60 X .l67rG/30a - 100rgr)33000 . 
60 X 100 X 746 X 10' X 2wr ' 

1.18CfiCa - 11. 6gf ,„.. 

= — m ^^^^ 

This equation could have been derived by considering 
equation (31) to give the value of the total torque, the 
factor ^then becoming 
rg 



^ " 60 X 10^' 
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Or if t represents the torque required to overcome 
this loss, 

27rrt rg 



33000 "" 60 X 10' X 746 ' 

rgr33000 

* " 746 X 60 X 10^ X 2;rr 

_ 116g 
- 10' • 

Now the useful torque is the total torque minus this 
waste torque, and we have 

LIS^C^, .^legr 
10' """ 10' 

"" 10* 

Therefore when a series motor is working on a con- 
stant current its torque is constant, for the only 
variable in the above expression is B^ and as this 
depends directly on Ca the expression is a constant. 
The torque being constant, the speed of the motor 
will evidently not be constant, and if the load is 
light the motor will race. As has been explained, 
the speed is maintained approximately constant by 
cutting out some of the field turns when the 
load is lightened. The result is a reduction in the 
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value of B and a consequent reduction of torque to 
suit the load. With a series motor operating upon a 
constant-potential circuit we have a somewhat diflfer- 
ent effect. The equation of torque is still true, but, 
the current no longer being constant, the torque will 
not be constant, and even with the governor mentioned 
the speed would not be constant. Under these condi- 
tions 



(36) 



-Ra+R, Ba+R»" ' 

The first term of this expression is a constant, and 
the current depends upon the value of e, since it is evi- 
dent that the value n ,n is directly proportional to 

the speed and strength of field. 

Suppose the load on the motor is increased, then 
the value of 6^ must be increased. If the number 
of turns of wire on the fields cannot be altered, this 
can be done only by diminishing the value of e, which 
in turn depends on the speed and strength of field. 

The motor being a series machine, it is evident that 
an increase of 6^ will increase the strength of field, and 
therefore the speed, being the only other variable, must 
be reduced. That is, as the torque increases the 
speed must diminish. A series machine will, there- 
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fore, not regulate for a constant speed upon a constant 
potential circuit, but will have a fixed speed for the 
diflferent loads. This combination is used in street- 
railway practice, where the torque required to start a 
car is very heavy. 

The variables in equation (35) are C^ and /?, and an 
increase in either of these factors means an increased 
torque. 

The current in the fields of a series motor is (7^, 
the field fi depends for its value upon Ga- There- 
fore the torque is proportional to CV- When a series 
motor is started upon a constant-potential circuit, the 
current flowing is very great since there is no counter- 
electromotive force opposing it, and its value depends 
on Re, and ^,. Therefore when a car is started, the 
torque, depending on the square of this current, is 
very great. 

Different groupings of the field coils and of resist- 
ances are effected by a hand-switch, and it is by this 
method that the speed of the car is controlled. We 
have seen that the speed of the motor depends on 
the current, and it may be well to derive an expression 
for the speed. We know that 

and also that * 

_ .167rCyg 
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Combining these two equations, 

.167(7/? • • 

In designing motors for street-railway service it is 
necessary to know the weight of motor car and pai^ 
sengers, the speed required, and the maximum grade 
to be climbed. Having these values, the horse-power 
required is quickly calculated. Sprague* gives the 
formula as 



(37) 



^_ WMf K . \ 

^^ = 335- I2OOO =^ "'^ ^h 



335" \2000 "^ °'" ""I' • • ^^^^ 

where 

W=. weight of car and passengers in pounds ; 

M = speed in miles per hour ; 

K = resistance to traction in pounds per ton on 

a level, and is about 25 lbs. per ton ; 
= angle of grade. 
Beckenzaun f prefers an equation of the form 

_ WKS w{,22A0S)smd 

"" 33000 "^ 33000 ' ' ' ^ ^ 

where w is the weight in tons, and S the speed in feet 
per minute. 

* Electrical World, July 31, 1888. 
t Electrical Engineer^ June, 1888. 
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The Shunt Motor. 
Having examined the characteristics of a series 
motor, let us now take up the shunt motor and study- 
some of its peculiarities. Consider, first, its action 
when supplied with a constant current. It is evident 
that before the counter-electromotive force becomes a 
noticeable factor (that is, at very low speeds), the 
larger part of the current flows through the armature, 
since the armature resistance is low compared to the 
resistance of the fields, and that as the speed grad- 
ually increases the current in the armature gradually 
diminishes, while the current in the field circuit grad- 
ually increases. This will continue until one half of 
the current flows through the armature and one half 
through the field. At this point the motor is doing its 
maximum work and at but little less than 50 per cent 
efficiency. When running with no load the speed is 
very high, the counter-electromotive force is very 
nearly as great as the initial, and almost the whole 
current will flow through the field coils. It is evident 
that this irregularity of speed renders a shunt motor 
unfit for service on a constant-current circuit. On the 
other hand, when a shunt motor is supplied with cur- 
rent at a constant potential the speed is fairly uniform. 
We have the equations 



^^-"^ 



a 
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and 

^ " 10* ' 
therefore we may write 

.167rC/J 



Substituting this value in eq. (35), 



10' 

^ -1.16? 



T= ^ -. . (40) 

10" ^ 

Now the only two variables in this expression are 
r (= rev. per min.) and ^. Since the field is supplied 
at a constant potential and its current is constant 
independent of what may occur in the armature cir- 
cuit, the value ^ may be considered constant. There- 
fore if an additional load is put upon the motor a 
greater torque is required, and this can be obtained 
only by diminishing the speed. Or in other words, 
the speed of a shunt motor is dependent upon the 
load being slow for heavy loads and faster for light 
ones. This variation is, however, very slight and can 
be reduced almost to zero by keeping the armature 
resistance very low ; for, since 



Digitized by VjOOQ IC 



COin-INUOUS-CUEEENT DYNAMOS AND MOTOBS. 119 

it is evident that for a given change in the value of e 
the value of Ca will be a maximum virhen BaV&& mini- 
mum. Since 

_ .167r<7/3 
*- 10* ' 

and the work developed by the motor is 

eCa-K 

^^ - ^746~ ' 

li& HP-\-K _E-e 



or 



(7461?P + K)R^ = Ee- e\ 
E IE" 



E fW 
= 2 ±^^-(746^-P + ir)i?. 



But we know that 

_ .167r(7/? 
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and may therefore write 

" = — mofi • («> 

OOMPOUND-WOUND MOTORS. 

This class of motors have the field excited by two 
separate coils as in the compound-wound dynamo. In 
a dynamo the action of the series coil is to increase 
the strength of field as the load increases, while in a 
motor the field must be weakened as the load increases 
in order to reduce the counter-electromotive force 
(without a reduction in speed) so that more current 
will flow through the armature to develop for the in- 
creased torque. The main objection to this style of 
motor is that it is liable to reverse its direction of 
rotation and cause considerable inconvenience. Where 
this eflfect (which is due to working with a zero field 
or nearly so) can be avoided the great constancy of 
speed makes the motor very desirable. The theory of 
the windings has been developed by Mr. F. J. Sprague 
in a very simple manner.* He gives as the laws of 
winding for motors having the shunt coil in parallel 
with the armature alone, 

o Bs + Ha 



h- Ba 



(42) 



* Martin & Wetzlers. Electric Motor and its Applications. 
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but if the shunt coil is connected across the armature 
and series coil so that the drop over the shunt field 
will be that over the armature plus that over the 
series coil, the formula becomes 

i=xh: w 

where o = turns in shunt coil ; h = turns in series 
coil ; Bg = resistance of shunt field ; 7?^ = resistance 
of armature ; and li^ = resistance of series coil. 

Mr. Sprague has also shown that motors wound in 
this manner are self-regulating on either constant cur- 
rent or constant potential. Another way of deter- 
mining the ratios of the windings is to run the motor 
with constant speed and varying load, and measuring 
the ampere-turns in the field for each load. The 
speed is maintained constant by separately exciting 
the field and varying the exciting current sufficiently 
to keep the speed constant. The ampere-turns re- 
quired for the shunt field will be the number when 
running empty, and for any load the ampere-turns 
required for the series coil is the ampere-turns at no 
load minus the ampere-turns at that load. Curves 
similar to those plotted for a compound-wound dynamo 
may be drawn. The reasoning is the same in each 
case, with the difference that in the dynamo the total 
ampere-turns is the sum of those of the shunt and the 
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series coil, while in a motor it is the difference. Com- 
pound winding is extremely desirable in a dynamo, 
but with a motor it is not so necessary, for by making 
the armature resistance very low the speed will be very 
nearly constant. In a dynamo the potential should 
be constant on account of lamps burning, while a few 
per cent variation in the speed of a motor is in general 
not objectionable. However, in case a very constant 
speed is required this class of motor may be used with 
advantage. It should be remembered, however, that 
a differential action cannot be so efficient as a simple 
one, and it is therefore to be expected that a com- 
pound-wound motor is a little less efficient than a 
simple shunt motor. 
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CHAPTEE Vin. 
DESIGN OF ARMATURES. 

The application of the principles and formulae 
which have been discussed to the practical design of 
dynamos and motors may best be explained by a few 
problems. These will be selected so as to cover as 
broad a field as possible and to bring out the different 
principles which have been considered in the previous 
chapters. 

Let it be required to design a 200-light dynamo, 
the potential difference to be 110 volts and the speed 
1500 revolutions per minute. 

This problem may be solved in a number of ways. 
The machine may be a two-pole or a multipolar 
dynamo. The armature may be a Siemens or a 
Gramme, and if a two-pole machine is decided upon, 
the field may be a single magnetic circuit or of the 
consequent pole type. If the dynamo is to be self- 
regulating, it will of course be necessary to use a 

series coil as well as a shunt field. 

123 
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Before considering these points in detail it is de- 
sirable to obtain some further general data which 
will apply to any of the above constructions. 

The average current for a 110- volt lamp (16-candle 
power) varies from .6 to .65 ampere. Consequently 
there must be delivered to the circuit 

200 X .6 = 120 amperes, 

if the lamps require .6 ampere each, and 

200 X .65 = 130 amperes 

if the lamps require .65 ampere each. 

It is of course necessary to have a capacity for the 
higher current, and the rating of the machine must be 

130 X 110 = 14,300 watts. 

An allowance must also be made for loss in the con- 
ductors, and if this is placed at 5 per cent the actual 
capacity of the machine must be 

15,000 watts. 

It is now necessary to confine ourselves to some 
definite design. Let us first limit the design to a 
two-pole dynamo. Equation (20) is 

^ .167Cr/5 



10' 
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Substituting the given conditions so far as they are 
known, 



120 = 



.167 X Cx 1500 X/3 ' , 



-r.c'^fi 



or 



10" ' \ 'ri ;^ v^ 




120 V 10* 
^^= .167X1500 = ^^'^"^'^^- • • ^^^ 

In the calculation it is necessary to consider the 
potential as 120 rather than 110 in order to allow for 
the rheostat included in the field; to counteract the 
effect of heating and also because the potential gener- 
ated is not that available at the terminals, but is 
slightly reduced in overcoming the resistance of the 
armature. 

We have now an indeterminate equation, 

C/3 = 480,000,000, 

and evidently an infinite number of values can be 
given to C and /3, and the equation will still be a true 
one. In this case we must be governed by experience 
and a study of the proportions of some dynamo of 
similar capacity which is known to give satisfactory 
results. The total induction through the armature 
increases with the capacity of the machine, of course, 
but it is not directly proportional to the output. The 
curve Fig. 37 shows average practice and can be 
considered approximately correct for drum armatures 
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in two-pole fields. From this curve it is observed 
that the total induction through the armature of 
a 15,000-watt dynamo should 'be approximately 
3,120,000 lines of force. Substituting this value in 
equation (A) gives 

^ 480,000,000 ,,, 

^= 3,120,000 =154, nearly. . . . (B) 

It should be remembered that this result (B) is 
only approximate and may be considerably altered 
by other considerations. Now consider the effect 
of different types of armature upon the dimen- 
sions. Assume first that a Siemens armature is to 
be used. Evidently C = 154 corresponds to 77 turns 
of wire. This is not a practicable number at all, and 
it will be necessary to change it to one which is con- 
venient to wind, and alter the induction through the 
armature to correspond. In order to retain practically 
the same proportions the commutator should contain 
40 segments, and the armature should be wound with 
two turns per segment. In all there are 80 turns, 
and the value of C becomes 160 in place of 154. This 
reduces the total induction, equation (A), to 

^ = «^ = 8,000,000.. . . (O 

There is considerable difference between the au- 
thorities on the question of density of lines in the 
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armature. Some engineers claim that a density of 
75,000 lines per square inch is permissible, and 
others that the denSity should not exceed 35,000 lines. 
The matter depends in a great measure upon the 
quality of iron. Generally speaking the permeability 
of iron is very much greater at low densities than at 
high, and further the hysteresis loss increases very 
rapidly as the induction attains high values. For 
these reasons it is well to remain near the lower limit 
and assume a density of only 40,000 lines per square 
inch. This density seems to be preferred by American 
engineers, though the English use a much higher one. 
At this rate the cross-section of the iron in the arma- 
ture will be, from equation (C), 75 sq. in. Allowing 10 
per cent for lamination gives a total cross-section of 
82.5 sq. in. Eemembering that these dimensions are 
only-approximate, we may alter them slightly, that is, 
the cross-section may be slightly reduced and the 
density increased to counteract the effect. Therefore, 
if the armature core is made 9 in. in diameter and 9 
in. long, practically the same results will be obtained. 
The dimensions of the armature are now nearly all 
determined. The number of coils in the armature, 
the number of turns per coil, and the diameter and 
length of core have been decided upon, and the only 
remaining dimension is the size wire to use. The 
maximum current in the armature will be 130 amperes. 
This current is equally divided, half passing through 
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each side of the armature. Therefore the cross-sec- 
tion need only be sufficient for 65 amperes. The 
diameter of the core being 9 in., the circumfierence is 
28.27 in. However, it is not the circumference of the 
core which is to be divided into 160 equal parts, but 
the circumference of a circle passing through the 
centres of the wires. Eeprecenting by x the diameter 
of the wire in inches, the length of this circle is evi- 
dently 

3.1416(9 + a?) ; 

and also, since the 160 wires are to completely fill the 
space, we may write 

_ 3.1416( 9 + x) 
^" 160^ ' 

a<160 - 3.1416) = 9 x .31416 ; 

28.2744 ^^^^^ 
^ = 156?748" = -^^^^^- 

This is the diameter of the covered wire ; and allow- 
ing 10 per cent for insulation, the diameter of the bare 
wire is 

.18038 X .9 = .162342. 

Referring to a wire table, it will be seen that this is 
the diameter of No. 6 B. & S. wire. Now if each wire 
could be wound flat on the core and did not require 
bending to pass the shaft, the length of a single turn 
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would be 9.180 X 4 = 36.720. However, the length 
of an average turn will be increased by the wire piling 
up at the end of the armature, and allowing 10 per 
cent for this increase makes the length of an average 
turn 40 in. and the total length of wire 

80 X 40 = 3200 in. = 267 ft. 

The resistance of 1000 ft. of No. 6 wire is .39546 
ohm, and the resistance of 267 ft. 

.39546 X .267 = .1056 ohm. 
The resistance of the armature is therefore 

^^=.0264 ohm. 
4 

The watts lost in the armature may be divided into 
two classes : 1st, wire loss ; and 2d, iron loss. The 
wire loss is 

c'R = (130)*.0264 = 405.6 watts. 

The iron loss cannot be calculated exactly, but can 
be approximately obtained. Considering that the 
lamination of the armature core has reduced the eddy 
currents to an amount so small that they may be 
neglected, the iron loss is due to hysteresis. 

A curve is given in Appendix I showing the loss in 
carrying a cubic centimeter of iron through a cycle 
of magnetization at different intensities. Now a 

Digitized by VjOOQ IC 



CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 131 

density of 40,000 lines per square inch corresponds 
to 6666 lines per square centimeter, and it will be 
observed that the number of ergs lost per cycle at 
this intensity is (from the curve) 7500. Therefore the 
iron loss is, from equation (22), reducing inches to 
centimeters, 

Mimr^ Ml X (11.43)' X 22.86 X 1500__^ 
-j^^. = 10^ 7500 

= 158 watts. 

Eemembering that the wire loss is 405.6 watts, the 
total loss is 

406 + 158 = 564 watts. 

The surface of the armature is evidently 

27rk{l + k) square inches. 

27r X 4.662(9.324 + 4.662) = 409.7 square inches. 

This is nearly 1^ watts per square inch of radiating 
surface. This armature would in all probability over- 
heat considerably, and it is not satisfactory in this 
respect. Examine the different factors contributing 
to the heat to be radiated. It is evident, since the 
speed is fixed and the current also fixed (by the con- 
ditions of the problem), that the only remaining va- 
riables are armature resistance, volume of iron, and 
intensity of magnetization, 
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Now the induction per square centimeter is already 
quite low and it is not advisable to reduce it any fur- 
ther. 

K the volume of iron is reduced, it necessitates 
either an increase in the induction per square inch, 
which we have seen is undesirable, or an increase in 
the number of turns, which, for mechanical reasons, is 
not desirable. Then, too, a reduction in the volume of 
iron would involve a reduction in the radiating sur- 
face. If by some miracle the iron loss could be re- 
duced to zero, the remaining loss (the wire loss alone) 
would be 405.6 watts, or one watt per square inch 
radiating surface. But the iron loss cannot possibly 
become zero, and for this reason the wire loss must 
be considerably reduced. Since the current is fixed, 
this can be done only by reducing the resistance, and 
this involves an increase in the cross-section of the 
wire. As opposed to this we have seen that the wire 
used completely covered the surface of the armature. 
The cross-section would be considerably increased by 
winding of No. 4 wire, but it would be impossible to 
wind this size wire in one layer, as 160 turns require a 
width of three feet, which corresponds to a diameter 
of nearly 12 inches and would reduce the length par- 
allel to the shaft to about 6^ inches. This armature 
is entirely out of proportion. If the wire were wound 
in two layers, the width of space required would be 
about 18 inches, corresponding to a diameter of nearly 
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6 inches, and the necessary length would be 13^ 
inches. This armature is again out of proportion. 

If it were necessary that only one layer of wire 
should be used, the number of turns could be in- 
creased and the cross-section of iron reduced, or vice 
versa. In this manner a suitable armature could be 
designed. 

Another expedient suggests itself. The cross-sec- 
tion of No. 7 wire is one half that of No. 4, and conse- 
quently two No. 7 wires in multiple may be used. 
This offers the additional advantage of being more 
easily handled and the subdivision tends to reduce 
the foucault currents in the wire. Allowing sufficient 
space for insulation, 160 No. 7 wires may be wound in 
25 inches. This corresponds to a diameter of 8 inches, 
and the length in order to obtain approximately the 
same cross-section as before must be 10 inches. The 
iron loss in the armature core is 

.047 X(10.WX 25.4X1500 ,,,, ^ ,33 ^ ^^^^^ 

The length of a turn of wire laid flat against the 
armature is 36 inches, and allowing as before 10 per 
cent on account of the wire piling up at the ends of 
the armature, the length of an average turn may be 
taken as 40 inches. This is assumed to include an 
allowance for the greater length of a turu on the out- 
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side layer. The total length of -wire on the armature 
is, therefore, 

40 X 160 = 6400 inches = 533.3 feet, 

and the resistance of this length is 

.489845 X .533 = .26109 ohms. 

Therefore, remembering that there are two wires in 
multiple, the resistance of the armature is 

.26109 ^-^^ , 
-—7, — = .0163 ohms, 
lo 

The .wire loss in the armature is 

(130)' X .0163 = 275.5 watts, 

and the total loss is 

275.5 + 1386 = 414 watts. 

Considering the cooling effect of rapid rotation, it is 
perfectly safe to allow one watt for every square inch 
of radiating surface. 

The surface of the atmature, not allowing for the 
increase due to piling up of wire at the ends, is 

2;r X 4.288(10.576 + 4.288) = 400 square inches. 

It must be remembered that the winding increases 
the surface of the armature. If this effect had not 
been considered, the surface (that is, the surface of the 
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core) would have been only 351.8 square inches. We 
have now designed a Siemens armature which will 
develop the required potential at the given speed and 
will not overheat when operating continuously with 
the full number of lamps. The dimensions are : 

Diameter of core 8 inches 

Length " " 10 " 

Size wire No. 7 B. & S. 

Turns per coil 2 

Wires in multiple , . . 2 

Number of coils 40 

The design of the shaft commutator, etc., are gov- 
erned by the ordinary rules of machine design and 
need not be treated here. 

Now examine the effect of a change in the type of 
the armature. Suppose it is decided to have a Gramme 
armature rather than a Siemens. On account of the 
hole in' the core it is evident that the outside diameter 
of the armature must be increased in order to obtain 
the same cross-section of iron. On the other hand, the 
circumference of the armature increases with the di- 
ameter and more turns of wire may be wound upon the 
core. Consequently not so great a cross-section is 
necessary. Assume for a first approximation that the 
diameter of the armature is to be 11 inches. This 
gives a circumference of 34.6 inches, and in this space 
we can wind 220 turns of the same size wire used be- 
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fore (No. 7). Under these circumstances, in order to 
generate 120 volts it is necessary tliat the following 
equation should be true 

-^^ .167 X 220 X 1500 X /? 

ft = 2,170,000. 

This, allowing 40,000 lines per square inch, gives a 
necessary cross-section of nearly 55 square inches. 
Therefore if the length of armature parallel to the 
shaft is 11 inches and the diameter of the hole is 
taken as 6 inches, then the proper cross-section of 
iron will be obtained. Now examine the losses which 
occur in this armature and also the radiating surface. 
First the iron loss. 

047Jk7r 
The former value ' — zr^E, cannot be used in this 

case, as it applies only to solid cores and must be 
modified in order to take account of the hole. If the 
inner diameter of the core (that is, the diameter of the 
hole) is represented by 2Aj, , the true value of the iron 
loss is 

10' 

.047(194.8 - 58.1)1500 X 27.9^^^^ 
= Jo^ ^om^ 

= 20X.7 watts, 
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The length of an average turn around this armature 
is 28.15 inches, and the length of 440 turns (since 
there are two wires in multiple) is 1032 feet, which has 
a resistance of .5144 ohm. Therefore the armature 
resistance is 

.5144 

^^ = .032 ohm. 
lb 

The wire loss is i t'»,^ ' '^ 

(130)' X .032 = 540.8 wattsX^^/^ , ^'^ ^ i ^, 

The total loss is ^-- 

201.7 + 540.8 = 742.5 watts. 

The question now arising is the surface from 
which the 742 watts are to be radiated. Evidently if r 
is the radius of the outside and r^ the radius of the 
hole, the surface is 

27r(?r+r,Z + r»-0, 

6.2832(63.67 + 29.83 + 33.52 - 734) = 751.9 sq. in. 

The rate of radiating is then about 1 watt per 
square inch, which is perfectly safe and the armature 
will not overheat. It is evident that this armature 
could have been designed in many different ways. 
The length of core parallel to the shaft could have 
been shorter and the outside diameter greater, etc. 
etCt In every case the local conditions have a very 
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great influence on the design. The 220 turns of wire 
on this armature should be divided into 44 coils of 5 
turns each. The data for this armature we have found 
to be as follows : 

Outside diameter of core 11 inches. 

Inside " " " 6 " 

Length of core parallel to shaft . . 11 " 

Number of turns per coil 5 " 

Number of coils 44 " 

Wires in multiple 2 

Size wire No. 7 B. & S. 

Suppose now that, without making any other change, 
the armature is connected for a four-pole field. In 
this case, instead of connecting the two halves of the 
winding in multiple, the four quarters are so connected. 
The resistance is evidently J of its former value, or 

4 

Since the magnetism of the armature is now reversed 
twice as many times as with a two-pole field, the iron 
loss will be doubled ; that is, it will be 403.4 watts. 
Now to avoid heating, the total loss is confined to 750 
watts and consequently the wire loss must be 346.6 
watts, or in round numbers 350 watts. 

Since the armature resistance is .008 ohm, the cur- 
rent must be 



V: 



"a7^ = 209.2 amperes, 
OOq 
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This is a much larger machine than the conditions 
of the problem call for (having a capacity of 320 
lights). 

Therefore if a four-pole field is required, the dimen- 
sions of the armature must be reduced in order to 
obtain economical operation. It is clearly a waste of 
energy to run a 320-light machine on a circuit where 
the maximum load is to be 200 lamps. The armature 
may be reduced in size, and besides being more eco- 
nomical to build will also be more economical to oper- 
ate, since the iron loss will be considerably reduced. 
The outside diameter of the core may be reduced to, 
say, 10 inches. The size wire may also be reduced 
and the number of turns consequently increased. 
This means that a smaller cross-section of iron may 
be used, and consequently the iron loss reduced. It 
has the further advantage of reducing the expense of 
building. If the armature is to be wound of No. 10 
wire, 280 turns may be wound upon the core in one 
layer. This may be divided into 40 coils of 7 turns 
each. There should be two layers of wire in order 
that there may be two wires in multiple. Since the 
speed is 1500 rev. per min., 

,^^ .167 X 280 X 1500 X /g 

LAV = Jq» , 

or 

/} = 1,700,000, 
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If the diameter of the hole in the armature is taken 
as 5i inches and the length parallel to the shaft as 9, 
the cross-section is 40.5 square inches. This gives a 
density a little greater than 40,000 lines per square 
inch, but is perfectly safe as 40,000 is not a rigid limit 
Remembering that the magnetism of the armatnre 
core is reversed twice as many times in a four-pole as 
in a two-pole field, we may write for the iron loss 

.094(F -- k.yr 
10' 

.094[(12.7y - (6.98)^] x 1500 X 22.86 



IQ, 7500 



= 272 watts. 



The length of an average turn of wire is 23.3 inches, 
and of the 560 turns is 13,048 inches Or 1087 feet. 
The armature resistance is 

1.087 X .999 ._ - 

^. = .017 ohm. 

64 

The wire loss with 130 amperes is 

(130y X .017 = 287 watts. 

The total loss is therefore 

272 -f 287 = 559. 
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The surface of the armature is 

27r[5.204 X 9.408 + 2.526 X 9.408+ (5. 204)' - (2.526)'] 

= 586.9 square inches. 

This allows a little over 1 square inch per watt to 
be radiated, and the armature will not overheat. We 
may therefore consider the dimensions of the arma- 
ture as satisfactory. They are : 

Outside diameter 10 inches. 

Inside '' 5^ " 

Length parallel to shaft 9 " 

Number of coils 40 

Turns per coil 7 

Size wire No. 10 B. & S. 

Wires in multiple 2 

We have now designed an armature of each of the 
three different classes ; it is only necessary to provide 
a field in order to complete the principal features of 
the design. 
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CHAPTEE IX. 

DESIGN OF FIELD MAGNETS. 

In the preceding chapter the diameter of the com- 
pleted armature was not determined ; that is, no 
allowance was made for insulating the core or for the 
binding wires. 

The diameter of the Siemens armature core con- 
sidered is 8 inches, and the space required for four 
layers (two on each side of the armature) of No. 7 wire 
is .63 inch. Allowing ^ inch on each side for in- 
sulation, binding wires, and clearance gives 9 inches 
as the necessary bore of the field for this armature. 

Suppose the type of field to be used is a single 
magnetic circuit, what will be the necessary cross- 
section of iron ? 

In order for the armature to generate the required 

potential difference at the given speed it is necessary 

that the total induction through the armature shall 

be 3,000,000 C. G. S. lines of force. It is known that 

142 
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there will be a certain amount of leakage of the lines, 
and it will be necessary to provide a greater induction 
in the fields than is required in the armature. For 
this type of dynamo Hopkinson has given the ratio of 
total lines in the field to useful lines in the armature 
as 1.32. Therefore the fields must be of sufficient 
cross-section for 

3,000,000 X 1.32 = 3,960,000 lines. 

The number of lines per square inch in the field 
may be much greater in the field magnets than in the 
armature. In the armature the number was limited, 
not by saturation, but by the hysteretic loss. In the 
field, there being no reversal of magnetism, this factor 
does not appear, and the density may be as high as 
70,000 lines per square inch. This gives a necessary 
cross-section of 56.6 sq. in., or a diameter of 8^ in. 

In order to construct the characteristic of the 
machine it is necessary to assume some dimensions. 
From the drawing of the machine. Fig. 38, the follow- 
ing dimensions are taken : 

Armature. — Cross-section = 8 X 10 = 80 sq. in. = 
516 sq. cm. Length of an average line of force = 6.8 
in. = 17.3 cm. Therefore, allowing for lamination, 

/Sj = 464 sq. cm. and d^ = 17.3 cm. 

Airspace. — Cross-section = 11.5 x 10 = 115 sq. in. 
= 741.8 sq. cm. ; the length of a line of force is J in. 
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= 1.27 cm. Allowiug 13 per cent for dissipation of 
the field, 

aS, = 838.2 sa. cm. and d^ = 1.27 cm. 




Fig. 38. 



Pole-piece. — On account of its irregular form the 
cross-section and length cannot be measured exactly. 
It is taken as 

/S, — 550 sq. cm. and d, = 8.9 cm. 
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Fidd, — There is no uncertainty concerning tliese 
factors. The cross-section is 56.6 sq. in. and the 
length 10 in. This gives 

S^ = 365.7 sq. cm. and d^ = 25.4 cm. 

Yoke, — The bed-plate in this machine forms the 
yoke, and the values may be taken as 

S^ = 500 sq. cm. and d^ = 35.5 cm. 

The ratio of the number of lines of force in the 
poles to the number in the armature may be taken as 
1.3, and the factor for the yoke is practically the 
same. Therefore we may write 

We have seen (page 80) that this equation may be 
subdivided, and a curve representing each portion of 
the magnetic circuit may be plotted. 

The general form of the subdivided equation is 

where x is the magnetizing power required, d is the 
length of an average line of force in this portion 
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of the circuit, ft the total induction in C. G. S. lines, 
S the cross-section of the circuit, and // the per- 
meability of the iron used. 

Of these factors d and S are known, various values 
are given to x, and the corresponding values of fi 
calculated ; /i depends upon x for its value and may 
be read from the curves (Appendix I) for the different 
irons, cast, sheet, and wrought. It also depends on c?, 
since the magnetizing power in the curves are per 
unit of length. Therefore, in taking the values of // 

X 

from the curve, the value of JTis -r. 



For the Armature. 

17.3/J ^464 _.. 

^' = 46i;7; ^ = VLZ^^""^ = ^^-^^^^^ • 



The values of /<, must be taken from the curve for 
sheet iron. 



«« 




Ai 


fi 


200 


11.56 


910 


4,877,600 


400 


23.12 


560 


6,003,200 


600 


34.68 


400 


6,432,000 


800 


46.24 


318 


6,817,920 


1000 


67.80 


261 


6,994,800 
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For THE Air-space* 

2.54/? - ^ 838.2 
^« = 838:2- ^ = ■2:54^« = ^^^^•• 

This equation represents a straight line passing 
through the origin. It is therefore necessary to 
determine only one point, preferably one of high 
coordinates. 

10,000 3,300,000 

For the Pole-pieces. 

17.8x1.3/? ^ 550 „^^^ 

«^« = 550— ji.— ^ = 23l4^»^» = 23.77;..a;. . 

The values of //, must be taken from the curve for 
cast iron. 



itt 


2d, 




Mt 


/» 


400 


22.48 




194 


1,844,552 


600 


33.72 




170 


2,424,540 


800 


44.96 




148 


2,814,368 


1000 


56.20 




131 


3,113,870 


1500 


84.3 




104 


3,708,120 




Fob the 


FTFJ.n CtJBVES. 




50.8 X 1.32/? 




365.7 




». = — 


366.7//, • 


fi 


= 67 ^♦'"^ 


= 5.46//,a!,. 
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The values of n^ mnst be taken from the curve for 
wrought-iron. 

400 7.88 1140 2,489,760 

600 11.82 910 2,981,160 

800 15.76 760 3,319,680 

1000 19.70 650 3,549,000 

1500 29.55 470 3,849,300 

Fob the Toke. 

30.5 X 1.3yg ^500 „. 

""^ = 500/.. • '^ = 39:65 ^•'^' = l^-^^''^' • 

The values of //^ must be taken from the curve for 
cast-iron. 



X 




M 


fi 


800 


26.23 


185 


1,864,800 


1000 


32.80 


172 


2,167,200 


1500 


49.20 


142 


2,683,800 


2000 


65.60 


122 


3,074,400 



Having now all the necessary data, the curves of 
the machine (Fig. 39) may be drawn. From the char- 
acteristic the required magnetizing power may be 
determined. Representing its value by ZT, 



4:7inc = H. 
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But this gives the value in absolute units, and it may 
be written 

ampere-turns = -r — = .8J2. 




Fig. 39. 
In order to establish a total induction of 3,000,000 
lines through the armature, it is necessary to Lave a 
magnetizing power of H = 12,800, or 
10,240 ampere-turns. 
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The space allowed for winding the field coils is 1^ 
in. deep. Therefore the outside diameter of the com-^ 
pleted coil is llj in. Appendix II. gives a method of 
quickly determining the size wire necessary. If d is 
the inside diameter of the field spool, and d^ the out- 
side diameter, 

ampere-turns = 



Vdd; 

where a is the constant given in the table. In the 
case under consideration 



10,240 = ^ 



V8.5 X 11.5 
a = 9.9 X 10,240 = 101,376. 

From the table (Appendix II) we note that there is 
no size of wire which will give exactly this constant 
for 120 volts. 

If No. 17 wire is used, the constant is a = 90,480, 
which corresponds to 

9626 ampere-turns. 

If No. 16 wire is used, the constant is a = 114,096, 
which corresponds to 

12,138 ampere-turns. 
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As the exciting current will be cut down by. the 
increase in resistance of the field coils (due to heat- 
ing), it is advisable to use the larger size of wire. 

Allowing i in. at each end of the field core for 
collars to wind between leaves 9J in. available for 
winding length; there can be wound on each spool 
30 layers of 170 turns each, or 5100* turns of No. 16 
wire. This will give 10,200 turns on the two spools, 
and if they are in series the field resistance will be 

n X 10.2 X 9.9 X 4.02 ^_ , 
j^ = 106 ohms, 

where 9.9 is the mean diameter of the field spool, and 
4.02 is the resistance of 1000 ft. of No. 16 wire. 

With a resistance of 106 ohms the field current is 
1.13 amperes, and the number of watts lost in the field 
is 

1.20 X 1.13 = 135.6. 

The radiating surface of the two spools is 

n X 11.5 X 9.5 X 2 = 686.4 sq. in. 

This allows 5.1 sq.in. per watt radiated. Although 
a larger radiating surface per watt must be allowed 
for the field than for the armature (since the rotation 
of the armature assists in cooling it), still one watt 
may be safely radiated for every two square inches of 
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surface, and the fields of this machine will remain 
at a much lower temperature than is really necessary. 

We have now determined the principal dimensions 
of a machine which will meet the requirements of the 
problem. 

But the engineer should not rest contented with 
designing a machine that will perform the work 
required. He should carefully examine the dynamo, 
and if possible so alter it that it may be more eco- 
nomically constructed or be more efficient. It is at 
this point that the value of Hopkinson's method of 
plotting the characteristic curve is appreciated. The 
different portions of the machine can be examined, 
and the effect of an alteration in one or more of them 
determined. 

Turning to the curve, Fig. 39, we notice that the 
magnetizing power required for the armature is small 
compared to that required for the remaining portions 
of the magnetic circuit. We have seen (in the last 
chapter) that the armature will not overheat. There- 
fore the design of the armature may be considered 
satisfactory and the other parts examined. The di- 
mensions of the air-space are fixed by the armature, 
and therefore cannot be altered. The field cores 
require less magnetizing power than the poles and 
yokes, but more than the armature. The length of 
the circuit in the poles cannot very ^vell be shortened, 
and its cross-section cannot be increased without 
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increasing the diameter of the field cores. An in- 
crease in the diameter of the field cores means a 
greater length of wire per turn, and consequently an 
increase in the cost of copper in the field. If the 
diameter of the field core is increased to 9 in., the 
cross-section of the pole may be increased about 35 
sq. cm., making the new cross-section S^ = 585 sq. 
cm. The length of the circuit will be increased 
slightly and may be taken as d, = 9.2 cm. The data 
for plotting the curve of the new pole-piece are 

400 21.74 196 1,917,664 

600 32.61 173 2,538,948 

800 43.48 152 2,974,336 

1000 54.35 133 3,253,180 

1500 81.52 107 3,925,830 

This curve (Fig. 40) is a little better than the first 
one, and is probably as nearly perfect as it can be 
made under the circumstances. 

The diameter of the field cores having been in- 
creased to 9 in., the cross-section is 410.8 sq. cm. Let 
us now consider the length of the core. It is only 
necessary to have a core of sufficient length to contain 
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the requisite number of turns of wire. We have seen 
thai the cores in the first approximation gave a field 
of the required strength and yet consumed less than 
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Fig. 40. 



1 per cent of the power for the field. Therefore the 
cores can be shortened considerably. This will also 
couuterbalance the increased length of an average 
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turn by reducing the total number of turns. Take 
the length of core as 8 in. or 20.3 cm. The equations 
of the new field cores. are ^Rttrr 



40.6 X 1.32/? 
*"« ~ 410.8//, • 


/J 


410.8 
- 536 ^*^ 


, = 7Mp^i 


«4 


40.6 




Mt 


P 


400 


9.85 




1010 


3,094,640 


600 


14.77 




790 


3,630,840 


800 


19.70 




650 


3,983,200 


1000 


24.62 




540 


4,136,400 


1500 


36.93 




385 


4,423,650 



The only remaining part is the yoke, and this is 
very much out of proportion, requiring a very large 
magnetizing power compared to the other parts. 

The width of the yoke proper may be made 10 in. 
and the depth also 10 in., giving 100 sq. in. cross-sec- 
tion. To this must be added say 10 sq. in., on account 
of the bed-plate forming part of the magnetic circuit. 
This gives a cross-section of 710 sq. cm. The length of 
the magnetic circuit has increased but slightly and 
may be taken as 32 5 cm. The equations of the new 
yoke are 

32.5 X L 3/? ^ 710 ,,_ 

^' "^ 710^ • ^ ^ 42:2 ^*^* ^ 14.06/i.a?. . 
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Xi 


83 5 


ft 


/S 


800 


24.6 


188 


2,114,624 


1000 


30.75 


177 


2,488,620 


1500 


46.12 


146 


3,079,140 


2000 


61.50 


125 


3,515,000 



From the curves of this machine (Fig. 40) we find the 
magnetizing power required for 3,000,000 lines of force 
to be if =12,000, or 

9600 ampere-turns. 

Now proceed as in the former case to find the size 
of wire. Since so small a per cent of the total power 
was required for the field, we may safely assume that 
a thickness of IJ in. for the winding is not necessary. 
Eeducing this to one inch will save considerable 
copper; then 

9600 = 



V9 X 11 ' 
a = 96,000. 

As before, this value lies between No. 17 and No. 16 
wire. Using the larger size we can wind on each 
spool 20 layers of 134 turns each, or 5360 turns on 
the two spools. The resistance of the two spools in 
series is 

TT X 10 X 5.36 X 4.02 _. , 
^^ = 56.4 ohms. 
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The field current is 2.13 amperes and the loss in the 
field is 255.6 watts. The radiating surface of the 
coils is 

2;r X 11 X 75 = 518 sq. in. 

This allows two square inches for every watt lost, and 
consequently the fields will not overheat. 

This machine is a very great improvement on the 
original one. The working point is on the straight 
portion of the characteristic, and the regulation 
should therefore be satisfactory. The curves for the 
field and armature are exceedingly good, but those 
for the yoke and pole-pieces are not quite so satisfac- 
tory. Indeed, it would be an advantage to move the 
fields nearer together, and in this way to shorten the 
length of the yoke. 

It is thought that the method of designing fields 
has been sufficiently illustrated, and that it will there- 
fore be unnecessary to complete the calculations for 
the remaining two machines (Figs. 41 and 42). The 
leakage coefficient may be taken as 1.6 in either case. 
This is an average value and will be a sufficiently 
close approximation for nearly all cases. 

There are one or two points on which it is necessary 
to caution the student in the design of these machines. 

Consider the consequent-pole machine (Fig. 41) with 
a ring armature. 

There are two distinct magnetic circuits in multiple. 
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This gives rise to two methods of constructing the 
curve, which, though different in minor points, give the 
same result. The first is to construct the curves for 
one side of the machine only, and to duplicate the 
results for the other side. The second method is to 




Fig. 41. 

obtain curves for the machine as a whole. The same 
final result will be obtained whichever method is fol- 
lowed. Following first method : 

Armature. — The cross-section of the armature must 
be considered as that of one side. That is, if the out- 
side diameter of the armature core is 11 in., the 
inside diameter 6 in., and the length 11 in., the cross- 
section to be considered is 

(11 ~ 6) X 11 ^^ . . 
^^ -^ = 27.5 sq. in. 
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The length of the line is easily obtained from the 
figure. 

Air-space. — There can be no doubt as to the length 
of the circuit in this portion. It is twice the radial 
distance between the bore of the fields and the surface 
of the core. The cross-section is one half the area of 
the bore of one pole plus the usual allowance for 
dissipation of field. 

Fole-pieces. — The cross-section may be taken on the 
section indicated by the line b. The length of a line 
is tivice the length in one pole. 

FiM.—Tiie cross-section is tc times the square of 
the radius. The length is shown in the figure. 

The ampere-turns given by this construction are 
those required for each field, and the induction 
should be one half the total induction required. 

Following the second method, it is only necessary 
to double all the areas and keep the lengths the same 
as in the first method. 

In this construction also the ampere-turns obtained 
are those required for each field, but the induction 
is the total induction required. 

In Fig. 42, for a four-pole field, the conditions, are 
somewhat different. 

Armature, — The cross-section of the armature, as 
well as the length, should be taken the same as in the 
second method for the consequent-pole type. 

Air-space. — The cross-section may be taken as the 
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area of the face of one pole plus the usual allowance 
for dissipation. The length is twice the radial dis- 
tance between the armature and the face of the pole. 
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Fig. 42. 

Pdea. — The cross-section is that of owe pole, and the 
length double that for one pole. 

Field, — The cross-section is tc times the square of 
the radius, the length being the same as in conse- 
quent pole machine. 

The ampere-turns given by this construction are 
those required for each field. The induction is the 
total induction. 
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CHAPTER X. 

DESIGN OF MOTORS. 

It is not the intention, in this chapter, to discuss 
the magnetic circuit of a motor. The proportions of 
the circuit are the same in a dynamo as in a motor, 
and are governed by the same principles. Many 
problems in motor design may be resolved into de- 
signing a dynamo which will, when supplied with 
electricity (at a given potential or of a given current 
strength), develop the required power at the given 
speed. There is one factor entering into the calcula- 
tions which has more influence on the action of a 
motor than on the performance of a dynamo. This 
factor is commercial efficiency. 

In a dynamo, if the commercial efficiency is lower 
than allowed for, it means that more power will be 
required to drive the machine. It also means an 
increased heating in some portion. But if the arma- 
ture is driven at the given speed and the field in- 
tensity remains constant, the dynamo will continue to 

161 
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develop electric energy at approximately the same 
potential, and the energy developed is practically 
constant under the same conditions. 

This is not true with a motor. If the eflSciency of 
a motor is lowered, the same increase in heating may 
be noticed ; and even though the potential (or current) 
remains constant, there will be a reduction in the 
speed. 

Therefore it is necessary, in designing a motor, to 
make a first approximation of the dimensions for the 
required speed and power, and afterward to make 
such alterations as the nature of the problem may 
demand.^ 

The uncertain factor entering into the calculations is 
the power required to overcome friction. This is so 
small a proportion of the total power that any varia- 
tion may be counteracted by a slight change in the 
field. 

Let it be required to design a 10 H.-P. motor which 
will make 1600 revolutions per minute when supplied 
with electricity at a constant potential of 110 volts, the 
commercial efficiency to be not less than 85 per cent 

IQHP = 7460 watts. 

Since this is the energy developed, the energy drawn 
from the line is 

-QK- = 8775 watts, 
•oo 
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It is safe to allow 5 per cent of this power for wire 
losses. The total loss is 

8776 X .15 = 1316.4 watts. 
The wire loss is 

8776 X .05 = 438.8. 

The remaining loss is 

" 1316.4 - 438.8 = 877.6 watts. 

This is the factor ^mentioned on page 112, and may 
be written 

leoog 



877.6 = 
9 = 



60(10)' ' 

60 X 877.6 X 10' 



1600 
= 329,000,000. 



But we know that 

2;r X 1600 X T 
33,000 



.-10; 



330,00 
^ - 2;r X 1600 - ^^•^• 

Substituting this yalue of T in equation (35), 

1.18C/?C„ - 11.6 X 329,000,000 



32.8 = 
(7/? = 



10* 
32.8 X 10' + 11.6 X 329,000,000 



1.186V 
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If 2^ per cent of the power delivered to the motor 
is expended in the field, the energy delivered to the 
armature is 

8776 X .975 = 8556.6 watts; 

and since the potential is 110 volts, 

^ 8556.6 ^^^ 

6a = ^TTFT = 77.8 amperes. 

Substituting this value, 

CV = 3^-8 X 10- + 11^ X 829,000,000 ^ ^ „^_^ 

From the curve, page 126, we find that it is cus- 
tomary for a drum armature in a two-pole field to 
have a total induction of 

/? = 2,200,000 C. G. S. lines 

for a machine of this size. Substituting this value of 
/3 in the above equation, we find (7 = 182. 

This corresponds to 91 turns. But this is not a 
practicable number, and must therefore be slightly 
altered. Assume 48 coils of two turns each. Then 

C=192 

and 

^ 400,000,000 ^ ^^^ ^^^ 
/3 = — 392^— = 2,083,800. 
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Allowing 40,000 lines per square inch gives a cross- 
section of 52 sq. in. 

The core of the armature may be taken as 7 in. 
in diameter and 8 in. long. The length of an average ^ 
turn of wire is about three feet, and the total length 
of wire on the armature 288 ft. If the armature is 
wound with two layers of wire, the space allowed for 
each wire is 

^~ 96 ' 

a^96 - ;r) = 7;r ; 

21.9912 ._. 
^ = 92:8584 = •2^^'''- 

or, allowing 10 per cent for insulation, the diameter of 
the bare wire is .213 in. The nearest diameter in the 
wire table smaller than this is .204, the diameter of 
No. 4 wire. The resistance of 1000 feet of this wire is 
.24858, and consequently the armature resistance is 



.24858 X .288 



= .018 ohm. 



We have seen that 



E-e 

'Ha 



"a 
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Substituting the known values in this equation, 
^^ ^ 110-6 

^^•« = -:oi8-' 

e = 110 - 1.4 = 108.6. 

We are now in a position to finally calculate the 
total induction through the armature. 
From equation (20), page 90, 

1AQA .167 X 1600 X 192 X /? 
108.6 = jjp ; 

108.6 X 10' 

^ "" .167 X 1600 X 192 

= 2,100,000. 

The induction through 1 sq. cm. of iron is 6500 
C. G. S. lines of force, and the value of E^ (taken from 
the curve, Appendix I) is 7200. Consequently the 
iron loss in the armature is 

MWlr ^ .047 X (8.9)' X 20.3 X 1600 .^^^ 
~T0^ A = jQ^ 7200 

= 185 watts. 

The wire loss is 

(77.8)' X .018 = 109 watts, 

and the total loss in the armature is 294 watts. The 
surface of the armature is over 300 sq. in., and the 
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armature therefore will not overheat. The dimen- 
sions of the field may be determined in exactly the 
same manner as though the machine were to be used 
as a dynamo. The method explained in the last 
chapter will give the necessary windings of the shunt 
field, and if it is desired to compound the machine it 
is very easily accomplished according to the laws 
given on page 120. 

It may be well to call attention to the error result- 
ing from considering the efficiency of a motor as -^, 

as is given in so many text-books ; or, rather, to point 
out that " electrical efficiency " is a meaningless term. 
For according to this expression, the efficiency of the 
motor is 

108.6 ^^ „ 

— Tjr- = 98.7 per cent. 

If the motor is to run on a constant-current circuit 
of 10 amperes and is required to develop the same 
power at the same speed, it will be necessary to in- 
crease the number of turns on the armature. 

If the armature is wound with the same number of 
coils and each coil has 16 turns instead of 2, the value 
of G becomes 1536, and the torque is 

1.18 X 1536 X 2,100,000 X 10 -11.6x329,000,000 
^ "" ' 10* 

= 34.25 lbs.; 
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and if the motor is so loaded that it runs at a speed 
of 1600 revolutions per minute, the horse-power devel- 
oped is 

200600X3425 . 

^^ - 3p00 = l^-*- 

Of course it will be necessary to have a governor 
which will weaken the field as the load is diminished, 
the horse-power and windings determined being for a 
maximum load. 

It will be necessary for convenience in construction 
to make several small changes in the different por- 
tions of the machine. For in order to wind 768 turns 
of wire on the armature it would be necessary to 
wind three layers of wire, and while this could be 
done it is desirable to have if possible an even num- 
ber of layers. Remembering that by increasing the 
number of turns in the armature a reduction in the 
value of /? is rendered necessary, the student should 
experience no difficulty in making the necessary al- 
terations. 
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CHAPTEE XI. 

DYNAMO AND MOTOR TESTING. 

HAvmG considered the laws governing the economic 
design of dynamos and motors, and derived the equa- 
tions of potential difference, efficiency, etc., it is 
desirable to discuss the methods of testing the com- 
pleted machine. 

By the term " testing " is meant not only the sub- 
jection of the machine to its normal working conditions 
for a stated period, but also a careful investigation of 
its characteristics and the effect of various changes in 
the design or operation. The subject, therefore, re- 
solves itself into a series of problems, and each being 
in itself complete, there is no particular order in 
which the different tests need be considered. 

The results of the tests can generally be plotted as 
curves showing the relation existing between two 
quantities. The curves discussed in this chapter are 
not the only ones that may be plotted. Nor is it 
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probable that all of those given will be taken from one 
machine. Various lines of experiment will suggest 
themselves to the investigator, and the purpose for 
which the machine was designed will govern the 
nature of the tests to be made. 

Characteristic Curve. 

The curve showing the relation between the current 
in the external circuit and the potential difference at 
the terminals of a dynamo is known as the character- 
istic curve of the machine. 

The general form of this curve for a series dynamo 
is shown in curve A, Fig. 43. It will be observed that 
the curve rises very rapidly at first, attains a maximum^ 
and eventually bends down. This action is easily 
explained. With small currents the iron in the circuit 
is at a low density and the permeability is quite high. 
Therefore a slight change in the magnetizing force 
produces a marked change in the induction, and 
consequently in the potential difference. As the iron 
approaches saturation its permeability diminishes, 
and the curve approaches a horizontal line. "Were 
there no armature effect the curve would ultimately 
become a horizontal line and remain so. As the arma- 
ture current increases, the reaction becomes more 
marked; and when this effect more than counter- 
balances the small increase in the magnetism of the 
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fields, the number of lines of force in the armature 
actually diminishes, and the curve therefore bends 
down. The other curves shown in Fig. 43 may be 
derived from curve A by applying Ohm's law. 
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Fig. 43. 
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The effect of speed upon the characteristic is shown 
in Fig. 44. It will be seen that the general form of 
the curve is the same for high and low speeds. 

The characteristic curve of a shunt dynamo (Fig. 45) 
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is very different from that of a series machine. At 
first the curve is nearly horizontal, but as the load 
increases the potential diminishes. It will also be 




noticed that the machine has a maximum current, and 
even though the resistance of the external circuit 
should be reduced beyond the point which gives this 
current, there will be no increase in the current 
strength. Indeed, if the curve is continued it bends 
back and ultimately passes through the origin. TLis 
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effect is due partly to armature reactions and partly 
to the shunting of the field coils by the external cir- 
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Fig. 45. 
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cuit. As the potential diminishes the current in the 
field coils also diminishes, and as a consequence there 
is a further reduction in the potential. Finally, when 
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the machine is short-circuited, there is practically no 
current at all in the field, and the potential difference 
is due to residual magnetism. 

The characteristic of a compound-wound dynamo 
approximates a horizontal line more closely than that 
of a shunt dynamo. This is due to the fact that the 
increase in current in the series coil tends to counter- 
balance the diminution in effect of the shunt coil. 
However, the curve will ultimately bend down similar 
to the curve of a series dynamo, and this effect is due 
to the same causes — saturation of field and armature 
reaction. The character of the curve will be in a 
measure governed by the proportions of the shunt and 
the series fields. 

Saturation Curve. 

The saturation curve of a dynamo depends, not upon 
the windings of the machine, but upon its magnetic 
circuit. Indeed, the measurement of the potential is 
merely for convenience, and the results can be con-^ 
sidered exactly as though they were magnetometer 
readings. If the speed is constant, and this is a very 
desirable condition, the potential difference is directly 
proportional to the induction in the armature. It is 
therefore evident that the saturation curves of series, 
shunt, and compound-wound machines are identical in 
form. In making the observations the dynamo should 
be run at a constand speed, the fields should be sepa- 
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rately excited, and there should be no current in the 
armature. In case the speed cannot be relied upon 
to be constant, it should be measured at the time of 
each observation, and the reading corrected for the 
variation. This correction is based on the fact that 
with a constant induction the potential of an arma- 
ture is directly proportional to the speed. If r is the 
normal speed of the dynamo and r^ the speed at the 
time of an observation, 

T 

where E^ is the measured, and E the corrected, po- 
tential difference. 

The general form of the curve is shown in Fig. 46. 
The curve rises very rapidly at first and then the 
slope becomes more gradual, tending toward a hori- 
zontal line. The so-called point of saturation A is 
situated on the bend of the curve. A compound- 
wound dynamo should work below this point, on the 
straight portion of the curve, in order to obtain the 
best action of the series coil, while with a series or 
shunt dynamo it is desirable to work either at this 
point or slightly beyond it. The selection of co- 
ordinates will depend upon the purpose for which the 
test is made. Amperes in field or ampere turns are 
generally plotted as abscissae and volts as ordinates. 
If it is desired to plot the induction through the 
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armature as ordinates, the values may be calculated 
from the potential difference, writing 

10- 



% 




Ut, 




1= cr-p 




ill 


1 

> 


17.08 


120 



12,81 ,90 



8.56 



4.27 30 



/3 = 



IGlrC 



lE; 
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4800 Amp. turns 



Fig. 46. 



or, if it is desired to express the induction in Kapp 
lines, 

10' 

^ rG 
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The induction per square inch or per square centi- 
meter is sometimes adopted. 

Speed Curve. 
In taking the speed curve of a dynamo, Fig. 47, the 



120 




600 900 

Fig. 47. 



1200 



field magnets are separately excited with their normal 
working current, and the speed of armature gradually 
increased from zero to the normal speed of the ma- 
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chine. In making the test there should be no load 
upon the armature. Owing to the fact that an ordi- 
nary voltmeter will not indicate exceedingly low 
potentials, the curve appears to start a little to the 
right of the origin. The curve is sometimes taken 
-with other than the normal working current in the 
field. In case of a shunt dynamo, if the field current 
is supplied by the dynamo itself, the curve starts at 
the lowest speed of self-excitation. 

Potential Curve. 

The potential curve of a dynamo is shown in Fig. 48. 
There are two methods of making the observations for 
this curve. In one, a small brush is mounted on an 
arm in such a manner that it will press against the 
commutator. This arm is then set at different angles 
and the potential difference between the small brush 
and the brush of the machine is measured by means 
of a voltmeter. In plotting the curve the angles 
through which the small brush has advanced are 
plotted as abscissae, and the potential differences be- 
tween this brush and the brush of the machine as 
ordinates. 

Another method of making the observations is to 
mount a second brush on the arm so that the distance 
between the two brushes will be the width of one seg- 
ment of the commutator. The potential difference 
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between the two brushes will be that generated by one 
coil of the armature at the angle of advance indicated 




Fig. 48. 

by the arm. This curve may be taken with no load 
on the machine or with any desired load. 

Loss IN Armature Core. 

A point of considerable importance is the power 
lost in the core of the armature. It is important that 
the friction loss should not be charged against the 
core. Measure the power required to drive the arma^ 
ture at its normal speed with no current in the field. 
Then excite the fields by different currents, and meas- 
ure the power required to drive the armature under 
the new conditions. The power required to drive the 
armature with a current in the field minus that re- 
quired to drive it with no current in the field is the 
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power lost in the core for that current. The results 
may be plotted, Fig. 49, with current in the field as 
abscissae, and watts loss in the core as ordinates. 



400 



300 




£.00 



100 



The speed should be constant throughout the test, 
and there should be no current in the armature. If a 
curve is taken after the armature is wound, the loss due 
to foucault currents in the armature conductors is 
added to the losses. Therefore, if possible, make the 
test both before and after winding the armature. The 
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difference between the two curves will represent the 
power lost by foucault currents in the wire. 

Heating of the Armature. 

One immediate effect of the energy lost in the core 
is an increase in the temperature of the armature. 
The ends and middle of the armature do not heat up 
equally, as is shown in the curves, Fig. 50. It is cus- 

2001- 




tomary to plot temperature in degrees above the room 
as ordinates, and length of run as abscissae. Increase 
of temperature per unit of radiating surface is some- 
times plotted as ordinates. 
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This curve may be combined with the one for power 
lost in the armature, plotting watts loss per unit of 
radiating surfaces as abscissae, and increase in temper- 
ature as ordinates. Evidently the curve may be 
plotted for different loads upon the armature, and 
various interesting combinations may be effected. 

Motor Curves. 

While the preceding curves may be taken from 
either a motor or a dynamo, there are a few curves 

80t 




1000 



Fig. 51. 



which are essentially motor curves. One of the most 
important of these curves is the curve of speed and 
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torque shown in Fig. 51. The measurement of torque 
may be made by means of an absorption dynamom- 
eter, or — if it is more convenient to measure the 
horse-power — the torque, in pounds at one foot radius, 
may be calculated from the equation 

j.= ?|»»»H.P. 

ZTtr 
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Fig. 53. 

From the same set of observations the curve of 
amperes and horse-power, and of speed and horse- 
power, Fig. 52, may be plotted. In the case of a series 
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motor on a constant-current circuit, the curve repre- 
senting the relation between amperes and horse-power 
should be replaced by one showing the relation be- 
tween potential difference and horse-power. Curves 
may also be plotted for amperes and speed and am- 
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peres and torque (see Fig. 53). The curves shown are 
principally for a series motor on a constant-potential 
circuit. A similar set may be plotted for shunt and 
compound. wound motors. If the circuit is a constant- 
current one, the potential difference over the machine 
takes the place of the current flowing. 
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CHAPTER XII. 

EFFICIENCY TESTS. 

The commercial eflSciency of a dynamo or motor is 
the ratio of the useful energy developed by the ma- 
chine to the total energy it absorbs. In determining 
this ratio it is necessary to measure the electrical 
energy absorbed by a motor or developed by a dynamo, 
and the mechanical energy developed by a motor or 
absorbed by a dynamo. The measurement of the 
electrical energy is effected by means of a voltmeter 
and an ammeter, and has already been discussed. 
Therefore it will be necessary to consider only the 
principles of dynamometers for measuring mechanical 
energy. The dynamometer most generally used for 
measuring the output of a motor is the absorption 
dynamometer or Prony brake shown in Fig. 54. 

The pulley in slipping between the two parts m and 
p encounters a resistance which depends upon the 
pressure between the face of the pulley and the pieces 
m and p. This pressure is adjusted by the nuts a a. 

185 
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If TF is the weight required at the end of the beam 
to balance it and L the distance, in feet, between the 
centre of the pulley and the point of application of the 




Pig. 54. 

weight, the force acting at the face of the pulley is 
ZfT pounds. 

The displacement is evidently -y^ feet per minute, 

where d is the diameter of the pulley in inches and r 
the revolutions per minute. Therefore the power ab- 
sorbed is 

nrdLW rdZW 



H.R = 



12 X 33,000 " 126,050' 



Since this dynamometer absorbs the power it meas- 
ures, it cannot be used for measuring the power 
delivered to a dynamo. For this purpose a transmis- 
sion dynamometer is necessary. A well-known dy- 
namometer of this class is shown in Fig. 55. Two 
frames, mm, carrying idle pulleys, oo, rest upon fixed 
knife-edges, aa. Upon the same shaft as pulley c? is a 
pulley belted to the source of power, and a pulley on 
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the same shaft as pulley c is belted to the dynamo. An 
endless belt, neghbn, connects the pulleys d, o, o, a^d c. 
It is evident that if the knife-edges aa are in line 
with the belt, the strains on the parts of the belt 
marked e and b will have no influence on the frames 




' i"i" i "i"i"i ' ^ ' i"i"i"i"i"r ' i"i"i"| 



Pig. 55. 



mm, but that the difference in tension on the parts 
marked g and h will be registered upon the beam The 
reading of the beam is therefore proportional to the 
difference in tension between the two sides of the belt, 
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and when multiplied by the dynamometer constant 
gives the value of the torque. Nearly all transmission 
dynamometers measure the difference in tension be- 
tween the two sides of the belt, and a description of 
the different types is unnecessary. 

A method of measurement introduced by Prof. 
Brackett may be used for either dynamos or motors. 
It consists in mounting the machine to be tested upon 
a cradle which rests on knife-edges. Care must be 
taken that the centre of rotation is in line with the 
knife-edges, that the belt from the machine is vertical, 
and that the cradle is carefully balanced upon the 
knife-edges after the machine has been fastened down 
and before it is started. This balancing is effected by 
securing weights to different parts of the cradle, and 
is necessary since, if the cradle is not in its normal 
position before starting, the force required to bring it 
into position will be charged to the machine being 
tested. A horizontal arm perpendicular to the line of 
Icnife-edges acts as a scale-beam, the readings being 
directly proportional to the torque. Since the dyna- 
mometer measures the turning moment of the cradle, 
it is evident that the dynamometer may be used for 
either dynamo or motor testing. However, when test- 
ing a motor it wall be necessary to provide some 
machine for absorbing the energy developed, for the 
dynamometer merely measures the energy, but does 
not absorb any of it. It very often occurs that a dy- 
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namometer for measuring mechanical energy cannot 
be obtained. Even under these circumstances an ac- 
curate efficiency test may be made, the only instruments 
necessary being an ammeter, a voltmeter, and a speed- 
indicator. In following this method the losses in the 
machine are first determined. These losses added to 
the output of a dynamo give the power applied at the 
pulley. If subtracted from the electrical energy 
delivered to a motor, the result is the power available 
at the pulley. The loss in either a dynamo or a motor 
may be divided into wire loss, iron loss, and friction 
loss. Of these the wire loss will depend upon the cur- 
rent flowing, but the other losses (iron and friction) 
may be considered constant for the same speed. In 
the determination of these losses the machine is run 
as a motor with the belt removed. It is evident that 
all the power delivered to the machine is waste, since 
no useful work is performed. 

Consider the case of a shunt motor, the law being 
equally true for a series machine. Let Ca represent 
the armature current when the motor is running 
empty, Ea the armature resistance, 6Vthe field current, 
and Eg the field resistance. The wire loss is 

~- • "^ ^ 

\ f'A/ '■ -' ■' 
The total power expended is \ ^. ^^ / ' 

t 
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where E is the potential difference of the mains. 
Then there are 



watts not accounted for. This loss is due to foucault 
currents, hysteresis, and friction, and may be consid- 
ered constant for the same speed. The motor should 
now be caused to run at different speeds by varying 
the strength of field, and this loss determined for each 
speed. If the speed of the motor is varied by means 
of a rheostat, care must be taken to subtract the loss 
in the rheostat. The losses due to foucault currents, 
hysteresis, and friction having been determined for 
different speeds, the curve A^ Fig. 56, may be plotted. 
Eevolutions per minute are plotted as abscissae, and 
watts loss as ordinates. Eepresenting this loss by Ky 
we may write for the power available at the motor 
pulley 

H. p. = ^jg . 

The commercial efficiency of the motor is 

'^ - EG 
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If the machine is operating as a d vnanio, tlie power 
a]>pliecl to the pulley is 

n. r. = ^-^-^ . 

Tlio commercial eiScieucv is 



V = 



EC 




5000 7500 

1150 1160 

Fig. 66. 



10000 12500 

1170 '^^MJN?'* 1180 



If the machine is now run at different loads, the 
eflSiciency curve, Fig. 56, may be plotted. The value 
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of jE' being taken from the curve A, Fig. 56, it must be 
remembered that if the speed of the machine changes, 
the value of K must be changed to correspond. 

The following test of a compound-wound dynamo 
may prove of interest in this connection. 

The machine was run at a constant load and meas- 
urements of current and potential taken. The losses 
were calculated by the method just described. Indi- 
cator cards were taken from the engine at intervals 
during the test. At the completion of the test the 
belt was run off the machine and several cards taken 
to determine the power lost in friction of the engine, 
shafting, etc. 

Mean current in line 135 amp. 

" field 1.7 " 

" " " arm 136.7 " 

" potential at brushes 240.5 volts. 

" " over series coil 734 " 

Speed 934 rev. per min. 

Electrical H. P 43.5 

Indicated H. P. absorbed in friction. 17.6 

Total indicated H. P 66.4 

Indicated H. P. at dynamo 48.8 

Efficiency 893 

Eunning as a motor : 

Main current 11.9 amp. 

Field " 1.63 « 
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Armature current 10.27 amp. 

Potential at brushes 230 volts. 

" over series coil 0.5 " 

Speed 935 rev. per min. 

Armature resistance 025 ohms. 

Field « 141 " 

Total loss in motor 2740 watts. 

Wire loss in armature 2.64 *^ 

" " field 374.9 " 

" " " series coil 6 " 

Total wire loss 378.14 " 

Loss due to foucault cur., \ ^^ 



':•}■ 



hysteresis, and friction. 

Having determined this constant loss, let us return 
to the results observed in the test : 

Wire loss in armature 468 watts. 

" " series coil 99 *' 

" " shunt field 408 " 

Constant loss due to fouc. ) 
cur., hyster., and friction ) 

Total loss 3337 " 

Since the output is 135 amperes at 240.5 volts. 

Watts output = 32,400 

" loss = 3,337 

" absorbed = 35,737 

Efficiency = .907 
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This result, 90.7^, as compared with 89.3^ shown by 
the indicator, proves that there is no error introduced 
in assuming the value of K constant, for a variation of 
1^ is liable to occur from error in observation. 

The error is no more likely to be in the electrical 
method than in the indicator method. 

Although it is not necessary to divide the factor Ky 
it is sometimes desired to do so in order to find the 
effect of certain changes. The factor is made up of 
friction, foucault currents, and hysteresis. The first 
step in the separation is to determine the friction. 
This is done by opening the field circuit of the ma- 
chine and driving the armature at different speeds by 
means of a motor whose eflSiciency curve is known. 
Eepresenting the power expended in friction by x, the 
loss due to foucault currents and hysteresis i^ K— x. 
Now run the dynamo at two different speeds and de- 
termine the value oi K—x for each speed. Represent 
this loss at the speed r by a, and at the speed r, by h. 
Since foucault currents are electric currents in the 
iron, both their potential difference and current will 
increase .with the speed, and the loss is proportional 
to the square of the speed. Hysteresis depends 
directly on the speed, and therefore we may write * 

mr -^-nr" = a, (A) 

where m and n are constants to be determined. We 
may also write 

mr, 4" ^^i' = 6 (B) 
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Multiplying (B) by - and subtracting from (A), 



K^'-^^i) = «---; 



ar, — hr 
n = 



r,r — rr. 



r 
Multiplying (B) by —^ and subtracting from (A), 



m 



\r-~j = a-^; 



Therefore at a speed r the value of the foucault- 
current loss is 

^ ar^ — hr ^ arr^ — Jr' 

The loss due to hysteresis is 

mr = — 1 i r = — \ . 

rrj — r^r r, — rr^ 

It is important in this determination that the value 
of /? should be the same in each set of observations. 
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If the potential difference is measured at the brushes 
at the different speeds, just before taking the readings, 
the fields should be so adjusted that - 

Err: 

where ^is the potential difference at the speed r, and 
JF, that at the speed r, . When this equation is satis- 
fied the value of fi is the same in each case. 
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CHAPTER XIII. 

INDICATOR-DIAGRAMS. 

In considering the subject of the steam-engine indi- 
cator we will assume a knowledge of the various parts 
of the instrument and of the method of taking an indi- 
cator-card. These are matters in which the engineer 
should receive personal instruction ; and since they 
depend in a measure on the particular instrument 
used, no general treatment is possible. A few general 
notes may, however, be given on the attachment of the 
indicator and the proper adjustment of the drum 
motion. All modern engines have their cylinders 
tapped for the indicator-pipes, and it is only necessary 
to avoid cramping the steam in its passage from the 
cylinder to the indicator. As a general rule the pipes 
from the two ends of the cylinder are brought to a 
three-way cock situated near the middle of the cylinder. 
It is desirable that all elbows in the pipe should be of 
large radius, although the same effect is sometimes 
gained by using the elbow of a larger size of pipe. 

197 
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lutleeJ, some eugineors advocate the use of two intli- 
catois, one attached directly at each end of the 
cylinder. Under ordinary circumstances this practice 
i.s unnecessary, and seldom resorted to unless the 
length of stroke is very great. 

If the cylinder is not tapped for the indicator-pipes, 
great care should be exercised in locating the holes. 
The cylinder-head is removed and the engine turned 
to a centre with the piston at the head end* of the 
cylinder. The cylinder is now drilled and tapped so 
that the hole is beyond the end of the piston. Care 
must be taken that the piston does not cover any part 
of the hole, in order that the steam may have a free 
passage. Carefully clean the chips from the cylinder 
and replace the cylinder-head. Be sure that the 
cylinder-head does not cover any part of the hole, 
chipping away a portion of the head if necessary. In 
drilling the crank end of the cylinder use every pre- 
caution to avoid getting chips in the cylinder, as it is 
generally inconvenient to remove the piston in order 
to clean out the cylinder. If steam (though not at full 
pressure) is turned into this end of the cylinder, it will 
tend to blow out the chips as they are cut, and though 
slightly inconvenient to the workman it saves the lin- 
ing of the cylinder to a great extent. A magnetized 
drill and tap will also be found of value in preventing 

* The end of the cylinder toward the crank or fly-wheel is called 
the cniuk end, and the other end the head end. 
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the chips from falling into the cylinder. Under any 
circumstances it is well to allow steam to blow through 
the cylinder after tapping, in order to remove any 
foreign substance which may have fallen in. In some 
engines it is necessary to drill the holes in the cylinder- 
heads, and as this necessitates another bend in the 
pipe, large elbows are particularly necessary in these 
cases. 

The most important point to be considered in ob- 
taining the drum motion is the ratio of this motion to 
the stroke of the engine. This ratio must be con- 
stant, and if a pantograph cannot be obtained, any 
substitution must be very carefully considered before 
it is adopted. A very common substitute for the pan- 




\\mVV\/ 





Fig. 57. 



Fig. 58. 



tograph is the pendulum, two forms of which are 
shown in Figs. 57 and 58. Neither form should be 
used unless the length B is very great compared to the 
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stroke of the engine. In Fig. 57 Om is a bar pivoted 
at and connected bj a short rod, am, to the cross- 
head of the engine. The point is so chosen that 
when the engine has completed exactly one half the 
stroke, the rod Om is vertical and the rod am is hori- 
zontal. A segment of a circle, nn, is rigidly attached 
to the rod am. The indicator-cord passes along the 
circumference of the circle and is secured at O. It is 
evident that the movement of the cord (and conse- 
quently of the indicator-drum) bears a fixed ratio to 
the movement of the point m. Therefore, in order 
that the reduction of motion may be constant, it is 
necessary that the motion of the point a (or the cross- 
head) should bear a constant ratio to the motion of the 
point m. Let the piston move forward until the point 
a takes the position a', and m becomes m'. Let it 
advance again until a becomes a" and m becomes m". 
Let the motion of the piston in each case be the same, 
that is, aa' = a'a", Kepresent this distance by d. 

Let the reduction of motion be in the ratio -d, then 
the movement of the drum for a movement d of 

the piston is -^ ; and since the two movements of the 
piston are of the same magnitude, the two values of 

(XT* 

-p should be the same. That is, since in the same 
circle equal chords subtend equal arcs, a circle 
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drawn with the centre at m! and a radius am should 
pass through the point m" as well as the point m. 
That this is not true is evident. When the distance 
It is very great compared to the stroke of the engine, 
the angle through which the rod Om moves is very 
small, and this combination should be used only when 
the value e is so small that it may be neglected. 

In Fig. 58 the horizontal rod has been omitted and 
a slot cut in the end of the vertical rod. This slot 
works over a pin a in the cross-head. The method of 
taking the cord from the segment of a circle is re- 

T 

tained. The reduction of motion is ^ at the middle 

T 

of the stroke and -=7— — when the piston has advanced 
^ + m 

the distance aa'^ and in order to follow this plan of 
reducing the motion it is necessary that the value 
of m be so small -that it may be neglected without 
sensible error. 

Let us now examine the different lines of the 
diagram. Some students find the reading of indi- 
cator-cards rather difficult, because they have fixed 
upon certain general forms as having definite mean- 
ings. This method of reading diagrams should be 
avoided. To correctly read a card it must be remem- 
bered that the diagram represents merely the pressure 
of the steam in the cylinder at the different portions 
of the stroke. The diagram does not tell the cause of 
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the variation in pressure, but does correctly indicate 
the pressure of the steam in the cylinder ; leaving the 
engineer to draw his own conclusions in regard to the 
cause and remedy. 

In the diagram, Fig. 59, the pressure of the steam 
in the cylinder is proportional to the length AF at the 




Fig. 59. 

beginning of the stroke. Steam is freely admitted to 
the cylinder until the piston has completed about one 
fourth of the stroke. During this portion of the stroke 
the pressure remains constant. Then, at B, the valve 
closes and no more steam is admitted to the cylinder. 
The steam in the cylinder now expands, increasing in 
volume and diminishing in pressure until the forward 
stroke is completed, when at C the exhaust valve 
opens and the steam escapes from the cylinder. The 
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exhaust valve remains open until the piston has nearly 
completed the return stroke. Then at D the exhaust 
valve closes and the steam remaining in the cylinder 
is compressed, its pressure increasing for the re- 
mainder of the stroke, when the admission valve opens 
and the steam pressure immediately rises to the initial 
pressure. The diagram may be subdinded into 

ABy the steam line ; 
BC, the expansion line ; 
CD, the exhaust line ; 
DE, the compression line ; 
EAy the admission line ; 
FGy the atmosphere line. 

This last line, FG, is drawn with no steam in the 
indicator, and the distance from this line of any point 
in the curve represents the pressure (above the atmos- 
phere) of the steam at that portion of the stroke. It 
must be remembered that only one end of the cylinder 
has been considered, and that the action of the other 
end is similar, except that the return stroke of one 
end is the forward stroke of the other. Therefore, in 
order to truly represent the condition and working of 
an engine, it is necessary to draw a pair of diagrams 
as shown in Fig. 60, where the diagrams H and C are 
taken from the head end and crank end of the cylinder. 
The two diagrams should be practically the same. 
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As nothing is to be gained by the repetition of a curve, 
advantage has been taken of the two diagrams to 
show two entirely different valve-settings on the same 
card. 

Examining the diagram, Fig. 60, for the head end 
of the cylinder, we notice that the steam, expansion, 




Fig. 60. 

and exhaust lines are quite satisfactory. We also 
notice that the exhaust closes a little late, and conse- 
quently there is not so much compression as could be 
desired. This may be remedied by closing the ex- 
haust a little earlier. But the principal trouble is in 
the admission line, which leans to the right instead of 
being vertical. That is, the piston has completed a 
considerable portion of the return stroke before the 
steam attains the normal pressure. It is evident thfit 
the steam cannot enter the cylinder fast enough. 
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This may be due to the admission valve opening too 
late, or to the ports not being of sufficient size. The 
steam line being horizontal indicates that, when 
reached, the pressure is well maintained. Therefore 
it is reasonable to assume that the ports are of suffi- 
cient size, and the trouble lies in a late opening of 
the valve. Since the exhaust closes late there is little 
compression, and further, as the piston is starting back 
when the valve opens, the volume to be filled is con- 
stantly increasing, and it is consequently some time 
before the full pressure is attained. If the exhaust 
closes later there will be more compression, and an 
earlier opening of the admission valve will insure 
better working. The diagram. Fig. 60, for the crank 
end shows the effect of closing the exhaust valve too 
early. The compression is so great that the steam in 
the cylinder attains a higher pressure than the initial, 
and when the admission valve opens steam actually 
escapes from the cylinder until the pressure reduces 
to the initial. The remedy is evidently to close the 
exhaust later. 

The head-end diagram. Fig. 61, shows the effect 
of admitting steam to the cylinder too soon. After 
the exhaust has closed there is about the proper 
amount of compression ; then the valve opens and 
steam at full pressure is admitted for the remainder 
of the stroke. This practice is not only the re- 
verse of economy, but it also subjects the engine to 
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severe strains which it was never iuteuileil to wiih- 
staml, aud will eventually cause trouble. The valve- 
setting must be changed and steam not admitted until 
the end of the stroke. As the compression curve was 




Fig. 61. 

satisfactory, the relative actions of the exhaust and ad- 
mission valves were correct, and it will be necessary to 
delay the closing of the exhaust as well as the open- 
ing of the admission valve. If this is not done there 
will be too much compression, and a diagram similar 
to the crank-end diagram Fig. 60 may be. expected. 
In the crank-end diagram Fig. 61 the initial pressure 
is not maintained. This is evidence of the steam 
being cramped in admission, and may be due to long, 
crooked, or small pipes, or to small ports. This class 
of diagrams is often taken from engines having throttle 
governors. 

In the head-end diagram, Fig. 62, it is almost im« 
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possible to tell just where the valve closes. The 
steam line is horizontal and indicates a sufficient sup- 
ply of steam at the beginning of the stroke. Diagrams 
of this class are taken from all types of engines, par- 
ticularly where they have not been properly cared for 
and are indicative of leaky valves. The point of cut- 
off is not at all clearly defined, and the expansion 
line is very poor, due to steam leaking into the 
cylinder after the valve has closed. 
The crank-end diagram, Fig. 62, indicates that the 




exhaust is cramped. The steam in the cylinder ex- 
pands to so low a pressure that when the exhaust valve 
opens, instead of steam escaping from the cylinder, air 
rushes in. The remedy is to enlarge or shorten the 
exhaust pipes. There would be no objection in this 
diagram to open the exhaust at the beginning of the 
loop. 

Diagrams Figs. 63 and 64 were taken from high- 
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speed engines with normal and light loads respect- 
ively. It will be noticed that the lines are more irreg- 
ular than those which have heretofore been considered. 




Pro. es. 

This is a common characteristic of diagrams from 
high-speed engines, and is due in a large measure to 
the spring of the indicator not being able to quickly 
accommodate itself to marked changes in load. It can 
be avoided a great deal by the use of a heavy spring 
and short drum motion. 

The diagrams treated have all been taken from 
non-condensing engines. Fig. 65 shows a pair of dia- 
grams from a condensing engine. The most noticeable 
difference between these diagrams and those from a 
non-condensing engine is that the exhaust line is 
below the atmosphere line om. If, however, a line 
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AB is drawn at a distance below the atmosphere line 
corresponding to a pressure of 14.7 lbs., the curves 
may be transferred to the new axes, and will exhibit 
all the characteristics of diagrams from non-condens- 




FiG. 64. 

ing engines. The line A£ is known as the vacuum 
line, and is taken as the zero of pressure. The pres- 
sures indicated by the diagrams are now the pressures 
above a vacuum and not above the atmosphere. 
Another feature of the diagram Fig. 65 is that there 
is little or no compression. This must be taken as a 
characteristic, not of condensing engines in general, 
but of this particular case. In compound engines it 
is only necessary to consider the two cylinders as two 
distinct engines, and to indicate them both at the same 
time. 

The few diagrams which have been discussed are 
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characteristic of the troubles most generally encoun- 
tered. Various combinations and modifications of 
them will be met with, but the}^ should offer no par- 
ticular difficulty to the student. 
It is sometimes desirable to plot the theoretical 




Fig. 65. 



expansion curve of an engine and compare it with the , 
curve drawn by the indicator. It is known that if any 
volume of steam is allowed to expand, the product of 
its volume and pressure is constant. Therefore, if we 
can measure the volume and pressure of the steam in 
the cylinder of an engine at any portion of the stroke, 
after the admission valve has closed and before the 
exhaust has opened, the theoretical expansion curve 
may be constructed. The indicator measures the 
pressure of the steam, and it is therefore only neces- 
sary to measure the volume. In order to determine 
this it is necessary to know the volume of steam 
between the end of the piston and the cylinder-head. 
This can be measured in the following manner : Turn 
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the engine upon a centre. Remove the indicator and 
fill the space between the end of the piston and the 
cylinder-head with water. This water should be taken 
from a vessel of water which has previously been 
weighed. Now weigh the water remaining in the 
vessel. This weight subtracted from the original 
weight gives the weight of water in the^^ogrJKftdjer. 
Knowing the weight of a cubic foot of |W^ef,^ flb^ 
volume of the clearance space is quickly i^al^n^^tt^d. 
The volume of the clearance divided by'^t^z/Area 
of the piston gives the length of stroke correspbtiij-^ 
iug to clearance. This length can be measured di- 
rectly if it is desired. Having weighed the amount 
of water which can be poured into the cylinder when 
the engine is on a centre, make a mark on the guide 
indicating the position of the cross-head. Now weigh 
out just exactly as much water as is in the cylinder, 
and turn, the engine forward until this amount can 
just be added to the amount already in the cylinder. 
Make a second mark on the guide indicating the new 
position of the cross-head. The distance between the 
two marks is the length of stroke corresponding to 
clearance. 

In making these measurements it is absolutely 
necessary that all the valves should be closed. The 
clearance should be determined for each end of the 
cylinder. 

Consider the diagram Fig. 66. Having measured 
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the length of stroke corresponding to clearance, drop 
a perpendicular from the end of the diagram and lay 
off from the intersection with the atmosphere line the 
distance d. This length, d, must bear the same ratio 
to the length of the diagram that the length of stroke 




Fig. 66. 

corresponding to clearance bears to the length of 
stroke. Draw the line GA. This line represents the 
zero of volume. Now draw the vacuum line AB 
parallel to the atmosphere line and at a distance 
c(= 14.7 lbs.) below it. 

This line represents the zero of pressure. The in- 
tersection A of the lines -4(7 and AB is evidently the 
zero of both pressure and volume, and the lines them- 
selves are the axes of the expansion curve. Now draw 
a number of lines 6L, IIMy IN, JO, KP, etc., parallel 
to ACy and let the distances between them be equal. 
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The curve may be drawn from any point on the ex- 
pansion curve, but it is customary to select either the 
point of cut-off (where the admission valve closes) or 
the point of release (where the exhaust valve opens). 
Selecting the point of cut-off, it is necessary that one 
of the parallel lines, HM^ should pass through this 
point. 

At the point of cut-off there is in the cylinder a 
volume of steam AH at a pressure SM. When the pis- 
ton has advanced to / the volume has increased 50^ ; 
and since the volume has increased to |, the pressure 
must diminish to f of the original. At J the volume 
has doubled and the pressure become ^. At ^ there 
is f the original volume and f the original pressure. 
In this manner any number of points on the expansion 
curve may be located. 

Another method of constructing the theoretical ex- 
pansion curve is preferred by many engineers. The 
lines (9^ and OM, Fig. 67, are the zero lines of volume 
and pressure respectively, and are located in the same 
manner as in the preceding construction. Extend the 
steam line £^F, and draw a horizontal line NB any 
convenient distance above it. Draw a vertical line 
CD through the point of cut-off (or through the point 
of release if preferred), and from its point of intersec- 
tion D with the line NE draw a straight line to the 
origin. At the point where this line intersects the line 
EF draw a vertical line AB, To determine a poiiit 
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on the curve draw any line OG passing through the 
origin. From its intersection with the line NB draw 
a vertical line GH^ and from its intersection with the 




Fig. 67. 

line AB draw a horizontal line JH, The intersection 
H of the lines GH and JH is a point on the curve. In 
this manner any desired number of points on the 
curve may be determined* 
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CHAPTEE XIV. 

STEAM-ENGINE CALCULATIONS. 

One of the most common uses of the indicator- 
diagram is the determination of the amount of energy 
developed by the engine at the time of taking the 
card. In this calculation the diagram indicates 
merely the pressure acting on the piston. It has been 
explained that the height (above the atmosphere line) 
of a point on the curve is a measure of the pressure 
of steam in the cylinder at that part of the stroke. 
This pressure is not constant, but varies from the 
initial pressure to back pressure, as indicated by the 
exhaust line. The most accurate method of finding 
the average pressure per square inch is to divide the 
area of the diagram (measured by a planimeter) by its 
leugtli, and multiplying the quotient by the scale of 
the indicator-spring. However, a planimeter is not 
always available, and other means must be used to 
determine this average pressure or M. E. P. (Mean 

215 
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Effective Pressure). Probably the most satisfactory 
substitute for this method is to divide the length of 
the diagram into a number of equal parts, and at each 
division to erect perpendiculars to the atmosphere 
line. The average of the effective pressures* meas- 
ured on these lines will be the Mean Effective Pres- 
sure per square inch. Having now the average pres- 
sure on the piston, it is only necessary to determine 
the displacement in a given time in order to express 
the horse-power developed by the engine. Let D 
represent the diameter in inches of the piston, Z>, the 
diameter of the piston-rod, L the length of stroke in 
feet, R the revolutions per minute, and P the mean 
effective pressure per square inch on the piston. Then 
it is evident that the displacement in one minute is 2RL 
feet. The pressure against the piston from the head 

Ttiyp 

end of the cylinder is — j — lbs., and from the crank 

end is -!^ -. — ^-^— lbs. Therefore, since each end 

4 

acts but once in one revolution, the horse-power de- 
veloped" by the head end of the engine is 



4 X 33,000 



*In measuriDg the effective pressures at the different points from 
the atmosphere line, the back pressure must be deducted, as it per- 
forms no useful work. 
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The horse-power developed by the crank end is 

HP = ^(-P' - D.')P^ L 
4: X 33,000 ' 

and the total power developed by the engine is 

^ TtP'PRL + 7r{D' - D,')PRL 
4 X 33,000 

" 4 X 33,000 

If a great many cards are to be taken from an en- 
gine, the calculations may be shortened by determin- 
ing the engine constant. Assuming that the speed 
remains constant, the coeflScient of P in the above 
expression is constant. This coefficient is the engine 
constant : 

" 132,000 

And once determined, the power expressed by an indi- 
cator-card is quickly calculated by multiplying this 
constant by the mean effective pressure measured by 
the card. 

The horse-power measured by the indicator-card 
is not the power delivered by the engine to the dyna- 
mos or the line shaft, but includes the power required 
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to overcome the friction of the engine itself. It is 
therefore necessary to indicate the engine running 
empty, and to deduct the power absorbed from any 
observations taken during a test, provided the power 
sought is that delivered to the machines. 

Before discussing other calculations which may be 
made from the indicator-diagram, it is advisable to 
consider some of the properties of saturated steam. 

Conceive a vertical cylindrical vessel containing a 
quantity of water under a weighted piston. Assume 
the temperature of the water to be 32° F. If heat is 
now applied to the vessel, the temperature of the 
water increases, but its volume remains unaltered 
except for the slight expansion due to its increased 
temperature. At a temperature depending upon the 
weight on the piston the formation of steam com- 
mences. If the pressure upon the water is merely 
the pressure of the atmosphere, this temperature is 
212° F. There is now no further increase in temper- 
ature until all the water contained in the vessel is 
converted into steam, but the volume is increased and 
the piston lifted. In effecting these changes a certain 
amount of heat has disappeared, and as heat is a form 
of energy it may be said that a certain amount of 
energy has been expended. 

A thermal unit is the amount of heat required to 
raise one pound of water from 39° F. to 40° F., and is 
equivalent to 772 ft.-lbs, of work. It is customary for 
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practical engineers to consider this quantity as con- 
stant at all parts of the scale. This is not exact, how- 
ever, as the energy required to raise a given weight of 
water one degree increases with the temperature. 

The number of thermal units contained in a given 
volume of water at a definite temperature may be de- 
fined as the number of thermal units required to raise 
the temperature of the water from 32° F, to <°. Ac- 
cording to some practical writers on the subject, the 
number of thermal units contained in 1 lb. of water at 
a temperature of 185° R is 153, while the number ac- 
tually contained is 153.6, an error of .6 of a thermal 
unit or 463.2 ft.-lbs. 

Now, having a pound of steam at a temperature 
of 185° F., we know that 153.6 thermal units have 
been expended in increasing the temperature of the 
water from which it was formed from 32° F. to 
185° F. If the amount of heat applied to the ves- 
sel had been measured, it would have been found 
greatly in excess of 153.6 thermal units. The amount 
of heat required to convert a pound of water at a defi- 
nite temperature into steam at the same temperature 
is known as the latent heat of evaporation, and if the 
temperature of the steam is 185^ F. it amounts to 
984.8 thermal units. The amount of heat required to 
raise a pound of water from 32° F. to a particular 
temperature and to convert it into steam at that tem- 
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perature is the total lieat of evaporation. Continuing 
the example for 185° F. i4; amounts to 

153.6 + 984.8 = 1138.4 thermal units. 

The evaporation that has been considered has been 
at a constant pressure and with a varying volume. 
In a boiler the evaporation must take place under the 
condition of constant volume. Under these circum- 
stances the actions are not exactly the same as the 
ones described. Instead of the water increasing in 
temperature to a particular degree before evaporation 
commences, we have an entirely difl'erent action. 
The formation of steam in a closed vessel commences 
immediately upon the application of heat. The tem- 
perature of the water increases as the application of 
heat is continued, and the pressure of steam in the 
vessel increases as well. Consider a closed vessel to 
contain 1 lb. of water at a temperature of 32° F., 
and apply heat to the vessel until this water is entirely 
converted into steam. The pressure of steam in the 
vessel will depend upon the volume of the vessel. 
Assume this volume to be 5 cubic feet. Then, since 
the pound of water has been converted entirely into 
steam, the weight of a cubic foot of this steam is two 
tenths of a pound. From the curve for pressure and 
weight (Fig. 68) we note that the corresponding pres- 
sure is 84.4 lbs. per square inch. This pressure is 
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reckoned from vacuum and not from the pressure of 
the atmosphere. The pressure above the atmosphere 
is 

84.4 — 14.7 = 69.7 lbs. per square inch. 

Now to complete our knowledge of this pound of 
steam it is necessary to determine the temperature. of 
the steam as well as the total and latent heat of evap- 
oration. From the curve of pressure and temperature 
we find the temperature of steam at a pressure of 84.4 
lbs. per square inch to be 316° F. From the curve of 
pressure and thermal units in the water we find that 
287 thermal units have been expended in raising the 
pound of water from 32*^ F. to 316° F. From the 
curve of pressure and latent heat we note that 891 
thermal units have been expended in converting the 
water into steam. We have now complete data of the 
pound of steam : 

Volume of steam 5 cu. ft. 

Weight of a cubic foot 2 lb. 

Temperature of steam 316° F. 

Thermal units in the water 287. 

T . . 1 . , ,. ( 891 thermal units. 

Latent heat of evaporation | gg^gg^ ft..lbs. 

rr i 1 1 i • .. (1178 thermal units. 

Total heat of evaporation | ^^^^^^ ^^_^^^ 

In determining the efiiciency of an engine it is nec- 
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essary to know the pressure and weight of the steam 
in the cylinder at some portion of the stroke. Select 
a point A on the indicator-diagram, Fig. 69, where the 
valves are known to be closed. The scale of the dia- 
gram gives the pressure of steam, and the volume may 
be calculated from the distance through which the 
piston has moved and the clearance. Having now 
the pressure and volume of the steam, the curves Fig. 
68 will give the weight and work which have been ex- 
pended upon it. Part of this work- is recovered, and 




Fig. 69. 

in order to determine how much select a point B on 
the compression curve. In the manner just described 
find the weight, etc., of the steam remaining in the 
cylinder at the end of the stroke. The weight of 
steam in the cylinder at the point A minus that at the 
point B gives the weight of steam used, in this end of 
the cylinder, per revolution. 

Perhaps the calculations discussed in this chapter 
will be better understood by assuming the conditions 
of a test and making the numerical calculations. 
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Consider an engine having a stroke of 18 inches, and 
let the diameter of the cylinder be 10 inches. Let 
the speed be constant at 180 revolutions per minute. 
Let the diameter of the piston-rod be 2 inches, and the 
length of stroke corresponding to clearance (see page 
211) be i inch. In making a test of the engine run it 
for 10 hours and take indicator-diagrams every 15 
minutes, using a 60-lb. spring. Note very carefully 
the condition of the fire and the amount of water in 
the boiler at the beginning of the test. Weigh the 
coal and water used during the test, and be very care- 
ful to have the condition of the fire and amount of 
water in the boiler the same at the end of the test as 
at the beginning. Let the weight of coal used in the 
10 hours be 1350 lbs., and the weight of water 9000 
lbs. If the load on the engine is not constant, let the 
diagram Fig. 69 represent the average conditions for 
both ends of the cylinder. 

The first operation is to calculate the engine con- 
stant : 

~ 132,000 

_ 3.1416 [2(10)' - (2)'] 180 X 1.5 
" 132,000 

= 1.26. 
From the diagram Fig. 69 the mean effective pres- 
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sure is found to be 24.6 lbs. per square inch, and con- 
sequently the horse-power developed by the engine is 

fiP = 24.6x126 = 31. 

At the point A in the diagram the piston has ad- 
vanced through .315 of its stroke or 5.67 inches, and 
allowing for clearance the volume of steam in the 
head end of the cylinder is 

'•'"'' mr'"' = -29 ^'^^ ''' 

The pressure of steam above the atmosphere at this 
point is 41.3 lbs. per square inch. This pressure 
being above the atmosphere, the total pressure of the 
steam is 

41.3 + 14:.7 = 56 lbs. per square inch. 

The weight of a cubic foot of steam at this pressure 
is (Fig. 68) .137 lb. Therefore the weight of steam 
in the cylinder is 

.29 X .137 = .0397 lb. 

However, all this steam is not exhausted, as part is 
recovered in compression. At the point B .0334 of 
the stroke or .61 inch remains uncompleted, and al- 
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lowing for clearance the volume of steam in the 
cylinder is 

3.1416 X 25 X .86 _ 

r728 — = '^^^ ''^' ^*- 

The pressure of steam above the atmosphere at this 
point is 11.3 lb., per square inch, and the total pres- 
sure from a vacuum is 

11.3 +14.7 =26 lbs. 

The weight of a cubic foot of steam at this pressure 
is (Fig. 68) .066 lb., and the weight of steam in the 
cylinder is 

.039 X .066 = .0026 lb. 

Therefore the weight of steam exhausted from this 
end of the cylinder per revolution is 

.0397 - .0025 = .0371 lb. 

In a similar manner the weight of steam exhausted 
per revolution from the crank end of the cylinder may 
be calculated, remembering to deduct the volume of 
the piston-rod. If the conditions are the same on the 
two ends, the weight of steam exhausted from the 
crank end per revolution will be .0356 lb., and conse- 
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quently the total weight of steam used per revolution 
is 

.0371 + .0356 = .0727. 

The weight of steam exhausted per minute is 

.0727 X 180 = 13.1 lbs., 

and during the ten-hour run this amounts to 7840 lbs. 
However, 9000 lbs. of water were fed into the boiler 
and 1760 lbs. remain unaccounted for. This loss is 
due partly to water being carried over in the steam 
and partly to condensation. It would evidently be 
unjust to charge the engine with the total amount of 
water fed into the boiler, and we must therefore con- 
sider 7840 lbs. as the weight of steam consumed dur- 
ing the run, and the remaining 1160 lbs., if charged at 
all, should be against the pipes. We have seen that 
13.1 lbs. of steam is exhausted by the engine per 
minute, and this is received at the initial pressure, 52^ 
lbs. per square inch above the atmosphere or 67.2 lbs. 
from a vacuum. At this pressure there are (Fig. 68) 
269.7 thermal units in the water and 902 thermal units 
latent heat. The total heat of evaporation is there- 
fore 

902 + 269.7 = 1171.7 thermal units. 
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And since 13.1 lbs. of steam is consumed per minute, 
the work per minute represented by this steam is 

1171.7 X 13.1 = 15,349.27 thermal units, 
or 

15,349.27 X 772 = 11,849,636.44 ft.-lbs. 

Now since the indicated horse-power is 31, the work 
developed by the engine per minute is 

33,000 X 31 = 1,023,000 ft.-lbs., 

and the ratio of actual work to the work expended 
upon the water is 

1>023,000 _ 
11,849,636 " •"^*^' 

However, a perfect engine could not convert all of the 
energy contained in the steam into useful work. The 
maximum efficiency of a perfect eugine is 

where T, is the absolute temperature of steam on 
admission and T^ is the absolute temperature of the 
exhaust steam. The efficiency of an engine is deter- 
mined by comparing its actual efficiency to this 
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maximum theoretical efficiency. The absolute tem- 
perature of steam is temperature indicated by a Fah- 
renheit thermometer plus 461.2°. The temperature 
of steam at admission (Fig. 68) is 300° F., and the 
temperature at exhaust (17.2 lbs.) is 220° F. There- 
fore the maximum theoretical efficiency is 

761.2 — 681.2 

761.2 "" ■'•^•^^* 

Therefore the true efficiency of the engine is 

8.45 



10.5 



= 80.5^, 



A very common method of stating the efficiency of 
an engine is to say that it develops a horse-power 
hour for so many pounds of water. In the test under 
consideration the engine develops 310 horse-power 
hours with an expenditure of 7840 lbs. of steam, an 
efficiency of 25.3 lbs. of steam per horse-power hour. 

It is also customary to speak of an engine as devel- 
oping a horse-power hour for so many pounds of coal, 
though this expression necessarily includes the boiler. 
In the example the engine develops 310 horse-power 
hours with an expen'diture of 1350 lbs. of coal, an 
efficiency of 4.35 lbs. of coal per horse-power hour. 

The duty of a boiler is expressed in pounds of 
water evaporated per pound of coal from a tempera- 
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ture of 212° F., and is merely the heat required for 
vaporization. If the evaporation occurs at any other 
temperature than 212° (and it always does), it must be 
reduced to the equivalent evaporation at that press- 
ure. The weight of water evaporated by a definite 
quantity of coal varies inversely as the number of 
thermal units. In the problem being considered, as- 
sume the boiler pressure to be 65 lbs. per square inch 
above the atmosphere, and the temperature of the 
feed-water to be 104° F. The actual pressure above a 
vacuum is 79.7 lbs. per square inch. At this pressure 
the total heat of evaporation is 1172 thermal units. 
The number of thermal units contained in a pound of 
the feed-water, is 72. It is therefore necessary to 
impart 

1172 - 72 = 1100 thermal units. 

Now the latent heat of evaporation at 212° is 966 
thermal units,. and the weight of water actually evap- 
orated per pound of coal is 

1350 - ^'^^' 
The equivalent evaporation at 212° is 
1100 X 6.67 



966 



= 7.6 lbs. per pound of coal. 
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TESTS ON IRON. 

We have seen the importance of having as full in- 
formation as possible concerning the relation between 
H^ the magnetizing force, //, the permeability, and y^, 
the induction of the iron used in the construction of 
dynamos and motors. The usefulness of a sample of 
iron depends not only on its chemical composition, 
but also on its physical structure and the strains to 
which it has been or may be subjected. It is, there- 
fore, desirable to have the iron as pure as possible, 
and the work upon the metal done before the final 
annealing. It is not the intention here to go very 
deeply into the subject of magnetism, but rather to 
point out the methods of iron testing and give average 
results upon sheet, wrought, and cast iron. We have 
seen that the magnetizing force exerted upon a piece 
of iron by a current of electricity surrounding it is 



^=-r 



381 
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where n is the number of turns of wire, c the current 
in C. G. S. units, and I the length of the magnetic cir- 
cuit in centimeters. We have also seen that 






No more space need be devoted to the value of H 
and //, the quantity requiring our attention being /3, 

Two methods of determining the value of £ will be 
considered: first, Hopkinson's method using long 
bars ; and second, Ewing's method in which the iron 
is formed into rings. 

Hopkinson used bars very long compared to their 
diameter. His arrangement is shown in Fig. 70, 



Low Resistance 



Sample rod {under test a 



BetcTtn Cinouit D 



Fig. 70. 



where aa is the rod to be tested, B B are two mag- 
netizing solenoids, c is an exploring coil, and DD is a 
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return magnetic circuit of low resistance. The two 
coils B B are attached to the massive piece of wrought- 
iron DD. The exploring coil is not attached to the 
combination in any manner. When a current of 
electricity flows through the magnetizing coils't^^?^ 
lines of force are set up in the rod under testi ^qpaice^ 
the rod passes through the exploring coil, ihi^ co^ - 
includes all the lines of force in the rod. The :^r- 
minals of the coil are connected to a ballistic galvan- 
ometer. An elastic band or a spring is attached to 
the exploring coil, and when the rod is quickly with- 
drawn the coil is thrown across the field, the result- 
ing elongation of the galvanometer being a measure 
of the induction through the rod. 

Ewing follows a different method. He has the metal 
to be tested formed into rings or extremely long rods, 
in order to avoid the influence of the ends. 

The ring (or rod) is wound over with many turns of 
small wire to serve as a magnetizing coil. There is a 
second coil wound as an exploring coil, the ends of 
which are attached to a ballistic galvanometer. When 
the current in the magnetizing coil is reversed the 
elongation of the ballistic is proportional to tvnce the 
induction through the ring. 

The calibration of the ballistic may be effected by 
an earth coil or by the following method : On a piece 
of wood (or other non-magnetic material) about 1^ 
meters long and 5 centimeters in diameter wind a 
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single layer of wire. At the middle wind an explor- 
ing coil of about 200 turns. The permeability being 
unity, 

^ = ^ = -10- 

If the elongation of the galvanometer is ^, 

4:nNG2EA 



K = 



10© 



where N is the number of turns per centimeter on 
the calibrating solenoid, C the current in amperes 
flowing through the primary of the solenoid, and K is 
the ballistic constant corresponding to this combina- 
tion ; E is the number of turns on the exploring coil, 
and A is the area of cross section in square centimeters. 
Then if J.' is the area of cross-section of the ring, 
and E^ the number of turns of wire on its exploring 
coil, the constant of the ballistic when connected to 
the exploring coil of the ring under test is evidently 

^, _ 4:7rNC2EA 
"" lOmE'A'' 

This is, of course, provided the resistance of the 
ballistic circuit is constant. This is rarely, if ever, the 
case, and it is necessary to add a correction factor for 
the resistances. 

If li is the resistance of the galvanometer circuit 
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when connected to the calibrating coil, and B' is the 
resistance when connected with the sample, the equa- 
tion becomes 



= 1.26 



im^E'A'B 
NCEAR' 



^E'A'R ' 
Therefore, if a deflection ^' is obtained, 
fi = ^'K' ; 
4:nN'C' 



H = 



10 



where iV is the number of turns per centimeter in 
the primary coil of the ring, and G ' the current in 
amperes flowing through it. 

If observations are taken for a number of values of 
i/, the curves of the sample may be plotted as in Figs. 
71, 72, and 73. 

It is advisable to repeat the calibration of the bal- 
listic several times in an extended test. 

If the value of H be increased to any strength and 
then diminished to zero and increased to the same 
value in a reverse direction, several peculiarities will 

Digitized by VjOOQ IC 



236 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

be noticed. The value /? will not reduce to zero when 
H does, but will lag behind, and will not become zero 




until H has reached a certain negative value. If the 
value H is now diminished to zero and reversed to 



Digitized by VjOOQ IC 



CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 237 

the original direction and increased, the same charac- 
teristics will be noticed — that ft does not become zero 




with jff, but lags behind. This effect has been called 
Hysteresis by Prof. Ewing. 
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The area enclosed by the curves of increasing and 
diminishing magnetization is a measure of the work 
done in reversing the magnetism, Le., the loss due to 
hysteresis. 



m 


f^ 
























o 
o 
o 

12 


210 y 

180 


\ 


















10 


150 


\ 


l\ 


V 








^BijJl 






8 


120 




\ 




kT 


^^tn-"^^ 










6 


90 




y^ 


-^ 


X 


*»w,^^ 


V^ 








4 


60 


/ 




Avera 


ye Cur 
for 


ves 


^^i;^ 


^ 


JL&JL 




6 


30/ 






Ca 


st Iron 






^y 


) 






/ 











_3iLt 


^ 


*^ 










2 

2 



5 


A 
5 


6 
7 


8 
5 IC 


IC 
30 IS 


)0 u 
^5 1! 


20 
50 


140 160 laOH 
175 200/i 



If /3H is this area, 



Fig. 73. 






where S is the ergs lost per cubic centimeter per 
cycle due to hysteresis. 
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Taking as an example the maximum cycle, Fig 74, 
the average value of /? between a positive maximum 
and zero (descending magnetization) is 830. The 
average value from to a positive maximum (ascend- 
ing magnetization) is 715. Then 830 X 100 — 715 X 



1200 B 




^0 H. 



64 is one half the area. The loss in ergs per cubic 
centimeter per cycle is 

. (830 X 100 - 715 X 64) X 2 ^ ^^^^ 
4;r 
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This value is not constant, depending upon the value 
of /?. The maximum value of ft for this cycle is i080, 
and at this induction only is the loss 5920 ergs per 
cubic centimeter per cycle. The equation of the 
curve connecting E and /? is 

where ^ is a constant depending upon the quality of 
the iron. This is an empirical formula. In the curves 
Fig. 74, the values taken from the cycles of magneti- 
zation are marked X X X, while those calculated from 
the above formula are marked (g) (g). Their close 
agreements evident. Continuing the example, we 
may writf^ 

^^ 5920 = iri080^«. 

log K = log 5920 - 1.6 log 1080 

log ^=3.4712917 
4.8574781 



log K= 8.6138136 
K= .041 

There is no occasion for finding the value of ^ as 
its logarithm is the quantity used. For this particular 
sample we may write 

' A method of determining total iron losses by 
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dynamometers is perhaps used more extensively than 
the foregoing. The connections are as shown in Fig^ 
75, where Wis sl watt dynamometer, N the resistance 




Fig. 75. 

in series with its pressure coil, / is a coil of wire 
surrounding the sample of iron to be tested, and C is 
a current dynamometer. 

The source of power is a transformer. 

Let there be p reversals of current every per 
second, and H the total resistance of the circuit. 
Then the total power lost in the circuit is W watts. 
The current is amperes and the loss due to heating 
of conductors is 

The remaining loss, W — CPB, must be due to iron 
losses. In following this method it is necessary to 
know the speed of the dynamo at the moment of tak- 
ing the observations. If the speed of the alternator 
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is S rev. per sec. and the number of poles P, then the 
number of reversals of current per second is 

and it is very desirable that this speed should be kept 
nearly constant. 




The volume of iron under test is represented by 
V. We may write : 

Watts lost = W- C'Ii = { TT- C*B)10' ergs per sec; 
P = cycles per second ; 
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( W - C'B)10' 

p — - — = ergs per cycle. 

p = ergs per cu. cm. per cycle. 

This loss, of course, is the total iron loss, including 
the loss due to foucault currents as well as hysteresis 
loss. 

Fig. 76 gives an average curve for this loss in 
sheet-iron. Calculations may be greatly simplified if 
the speed (and consequently the cycles per second), 
the resistance, and the volume of iron are constant, for 
in this the speed and volume may be combined in one 
constant, while the dynamometer curve can be plotted 
between deflections and wire losses rather than deflec- 
tions and amperes. 
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AMPERETURN TABLE. 

The magnetizing power of a field coil depends upon 
the inside and outside diameters, the size wire used 
and the fall of potential over the spool, and is inde- 
pendent of the length of spool. Provided the four 
factors remain constant, the strength of field is not 
affected by the number of fields connected in series, 
the ampere turns of the series being the same as of 
one spool having the same total fall of potential over 
it. This furnishes a quick method of finding the 
ampere turns of a given coil with any fall of potential 
over it. 

Let d = the inside diameter (in inches) of the coil ; 

d, = " outside " " " " " " 

jB = resistance per 1000 ft. of the wire used ; 

E = fall of potential over the spool ; 

At = ampere turns. 

244 
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Then the length of an average turn of wire is 
ft. and the resistance of this average turn is 



12 



12,000 
ohms. Therefore, if there are t turns of wire in the 

coil, tl^ total resistance of the coil is ^zl 1 ohms. 

12,000 
r» 

The current in the coil is ;=r amperes, and con- 

nBt Vdd, ^ 

12,000 

sequently we may write for the ampere turns 

Et 1 12,000^ 

TtRt Vdd, Vdd, ^^ • 
12,000 

That is, since R depends only upon the size of wire 
used, with a definite inside and outside diameter of 
spool the magnetizing power of a coil is fixed by the 
size wire and fall of potential over the coil. The 

values of ^— have been calculated for different 

sizes of wire and potentials and are given in the at- 
tached table. The use of this table will be best ex- 
plained by an example. 

Having completed a dynamo with spools 8 inches 
inside and 10 inches outside diameter, what size wire 
must be used to obtain 12,500 ampere turns from 220 
volts, and how many ampere turns will result from 
using No. 16 wire with 110 volts ? 
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In this case 



K^ 8.94 X 12,500 
= 111,750, 

where K is the constant given in the table. In the 
column for 220 volts we find that the nearest constant 
to this value is JT = 110,860 for No. 19 wire, which 
gives a magnetizing force a little less than 1^ too low. 
If it is necessary to obtain exactly 12,500 ampere 
turns, a combination between two different sizes of 
wire must be used, winding part of the spool with one 
size and part with the other. 

If the spools are wound with No. 16 wire and the 
fall of potential is 110 volts, we have from the table 

ir= 104,588, 
or 

_K 104,588 
^^~8.94"" 8.94 -■^^''""• 

If there are four spools on the dynamo, and all are 
connected in series across 110 volts, the total ampere 
turns are 11,700. If connected in series multiple, each 
set has 11,700 ampere turns — a total of 23,400 ampere 
turns. If they are all connected in multiple, there are 
11,700 ampere turns on each spool — a total of 46,800 
ampere turns. 
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APPENDIX III. 

DETERMINATION OF THE SIZES OF WIRE FOR ARMA- 
TURES AND FIELD COILS. 

In designing a dynamo a point of considerable 
importance is the determination of the size wire 
necessary to avoid undue heating. 

A well-known rule on this point is to allow 5 or 6 
amperes per square millimeter for wires not exceed- 
ing 2 millimeters in diameter, and 3 amperes per square 
millimeter for wires which are greater in diameter. 
This rule does not, however, fully consider the con- 
ditions of the problem. Prof. Forbes has given the 

formula 

W 

S = 800 -^, 

where S = radiating surface in square centimeters ; 
W = watts lost in heat ; 

= maximum permissible increase of tem- 
perature in degrees centigrade. 

252 
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In applying the formula to fields it may be written 



/S' = 800 



BE 



where E = fall of potential over the field, a^d 
i? = resistance of the coils. 

In applying it to the armature, however, we must 
consider the total loss as w, that is, the watts lost in 
heating the wire by the current plus the watts lost in 
the armature core. 

Perhaps the subject of heating effects of electric 
currents has never been more fully investigated than 
by Wm. H. Preece.* His law is expressed in the 
formula 

c = dd} ; 

where d = diameter of wire ; 

c = current required to fuse it ; 
a = a constant depending upon the material of 
the conductor. 

Mr. Preece has proved experimentally that while 
this law does not hold for bare cylindrical wires of 
very small diameter, it becomes rigid for all diameters 
above 1 mm. 

* Elec. Eug., June 11, 1890. 
/ 
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The following values are given as the fusing con- 
stants for the different metals when bare and exposed 
in still air, the numbers giving the current in amperes 
required to fuse a cylindrical bar 1 centimeter in di- 
ameter, and also the fusing points in degrees centi- 
grade. 

Fusing Fusing 

Material. Constant. Temperature 

Copper 2530 1054 

Silver 1900 954 

Aluminium 1873 650 

German-silver 1292 1200 

Platinum 1277 1775 

Platinoid •.... 1173 1300 

Iron 777.4 1600 

Tin.: 405.5 226 

Lead 340.6 335 

Alloy (lead 2 parts, tin 1 part) 325.5 180 

The values given in the first column correspond to 
the constant a in the formula. We know that when 
the temperature of a wire carrying a current becomes 
stationary the rate of expenditure of energy is equal 
to the rate of dissipation. We know that the expen- 
diture of energy is proportional to the square of the 
current flowing, and the dissipation directly propor- 
tional to the temperature of the body above the tem- 
perature of surrounding objects. This relation may 
be expressed by the following formula : 
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_£l_ 1. 

where c and Cj are two currents and and ^, the cor- 
responding temperatures. This may be written 



=Wk'' 



and if F is the fusing temperature and a the fusing 
constant, 



= «Yf 



The factor e may be termed the coejQScient of emis- 
sivity and depends for its value upon the relative 
values of the radiating surfaces. A wire at a white 
heat will emit heat much more rapidly than one at a 
lower temperature. This value of c is the current re- 
quired to raise the temperature of a cylindrical bar 6 
degrees C. For any other size wire the formula be- 
comes 



od» 






ae 



-y c'F 



• d 

where d is the diameter of the wire in centimeters. 
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If it is desired to express the diameter in thou- 
sandths of an inch, we may write 

d= 393.74 ' 






Digitized by VjOOQ IC 



APPENDIX IV. 



BELTING. 



There is, probably, no subject connected with trans- 
mission of energy which is so little appreciated as that 
of belting. An engineer will often calculate the 
dimensions of a machine with extreme care and fully 
consider the strength of all the materials entering into 
its construction until he comes to the question of belt- 
ing, when he will use his judgment — or, to express it 
more plainly, make a guess at the proper width. Nor is 
he altogether to blame, for an examination of the 
formulae of Unwin, Nystrom, Haswell, etc., reveals the 
fact that they do not agree by any means. This dis- 
agreement may be attributed to two causes : first, a 
difference of opinion in regard to the value of the 
coefficient of friction ; and second, the variation in 
tensile strength of leather. 

The value of the coefficient of friction has been de- 
termined very carefully by Mr. J. H. Cromwell,* and 

* See Cromweirs " Belts and Pulleys," from which the formulse in 
this section are taken. 

257 

Digitized by VjOOQ IC 



268 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

his experiments were sufficiently conclusive to be 
accepted. 

In the tensile strength of leather there is, unfor- 
tunately, a great variation. Two strips of leather 
cut from the same belt may show a very marked differ- 
ence in tensile strength ; and so long as this want of 
homogeneity exists there will be an element of doubt 
entering in all belting calculations. It is therefore 
necessary to use a fairly large factor of safety. Crom- 
well finds the average strength of leather belts to be 

950 lbs. per square inch for single leather lacing ; 
1000 " " " " " " rawhide " 

1200 " " " " " double leather " 

1400 " " " " " " rawhide " 

1750 " *^ " " " riveted joints ; 

and therefore considers the safe working tensions to be 

325 lbs. per square inch for single leather lacing ; 
350 " " " . " " " rawhide " 

375 " " " " " double leather " 

400 " '* " " " " rawhide " 

575 " " " " " riveted joints. 

Let T = tension on the tight side of the belt ; 
t=i " " " slack " " " " 
a = angle of smaller pulley embraced by the 

belt; 
= coefficient of friction. 
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Then it can be shown that 

log ^ = .007580^. 
t 

According to CromweU's determination the value of 
may be taken as = .4 for leather belts on cast-iron 




720^ 15^ 180° 210"^ 240^ 270° 
Fig. 77. 



pulleys and = .45 for leather belts on leather- 
covered pulleys or rubber belts on cast-iron pulleys. 
Substituting this value in the last equation, 



log 4- = .00303a 
t 
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for leather belts on cast-iron pulleys, and 



T 



logY = 



.00341a 



for leather belts on leather-covered pulleys or rubber 
belts on cast-iron pulleys. The curves Figs. 77 and 




"TTO' — m^ 

Fig. 78. 



78 give the values of — for the different degrees arc of 
z 

contact on the smaller pulley. 

The maximum tension on a belt is on the tight side, 

^ipce the tension there must be sufficient to overcome 
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the pull at the pulley rim as well as the lesser tension 
on the slack side of the belt. Eepresenting by P the 
pull at the pulley rim we must satisfy the equation 

P=T-t, 

which may be written 

r=p(i + l) 




That is, in order to obtain the greatest tension on the 
belt it is necessary to multiply the pull at the pulley 
rim by a factor depending upon the arc of contact. 

T 

The values of — for any particular arc of contact may 
t 

be taken from the curves Figs. 77 and 78. But since 

T 

t T 

the factor -^^ contains no variables except — , new 

curves, Figs. 79 and 80 may be plotted giving directly 
the value of this factor. 



Digitized by VjOOQ IC 



262 CONTINUOUS-CURRENT DYNAMOS AND MOTORS. 

flaving determined the greatest tension on the belt, it 
is only necessary to divide this tension by the safe 
working tension of the belt (see page 258) in order to 
determine the proper cross section of belt. It must be 
borne in mind that the size belt to transmit a given 
power without slipping depends upon the cross-section 
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Fig. 79. 

of leather and not on the width alone. That is, a belt 
f inch thick will transmit 50 per cent more power 
than a J-inch belt of the same width. 

Most belting problems may be divided into two 
classes : first, the determination of the necessary 
cross-section of belt required to transmit a given 
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power under definite conditions; second, the deter- 
mination of the power which a given belt will transmit 
under definite conditions. 

The two problems are really identical, the classifica- 
tion being according to the unknown quantity. The 
solution of belting problems is greatly facilitated by the 



4. 



Leathe Belts oi Leath >r Coverted Pulleys 



Rubber Be 



ts on Ciist Iron, 



Pulleys 



Aro of pan tact 



30*' 60^ 90^ TSo" iO^ 180* 210° 240" 270" 
Fig. 80. 

use of a set of belting curves illustrated in Figs. 81, 82, 
and 83, Their application may be best explained by 
an example. 

What horse-power may be transmitted by a ^''^-inch 
leather belt 4 inches wide running on cast-iron pulleys, 
the diameter of the smaller pulley being 8 inches and 
the belt embracing 90° of the pulley ; the speed of 
the smaller pulley being 2000 revolutions per minute, 
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and the belt to be joined by double leather lacings ? 
The cross-section of the belt is 

^•^^ X 4 = If = .875 square inch. 

Select a point on the line for double leather lacing 
(Fig. 82) at a distance corresponding to .875 square 
inch to the right of the origin. 

A horizontal line through this point intersects the 
line for 90° arc of contact at a distance corresponding 
to a pull of 155 lbs. at the pulley rim. In crossing 
the axis it is noticed that the maximum strain on 
the belt is 330 lbs. In Fig. 81 select the ordinate 
for 2000 revolutions per minute. From its intersec- 
tion with the line for an 8-inch pulley pass horizon- 
tally to the right, noting that the vertical axis is cut at 
a point corresponding to a belt speed of 70 feet per 
second. As there is no line corresponding to a pull so 
high as 155 lbs., it is necessary to factor this quan- 
tity. The horizontal line through 70 feet per second 
would cut a line for 77^ lbs. at a distance to the 
right of the origin corresponding to 9.8 H. P. There- 
fore the horse-power which the belt will transmit is 

9.8 X 2=19.6 H. P. 

What width of belt will be required to transmit 8 
horse-power to a 6-inch pulley making 1800 revolutions 
per minute, the pulley to be covered with leather and 
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the belt making contact with 150° of the circum- 
ference ? The belt is J inch thick and joined by 
single leather lacings. In Fig. 81 select the or- 
dinate corresponding to 1800 revolutions per minute. 
From its intersection with the line for a 6-inch pulley 
pass horizontally to the right, noting that the belt speed 
is 47 feet per second. The intersection of this horizon- 
tal line with the ordinate for 8 H. P. gives a pull of 94 
lbs. at the pulley rim. In Fig. 83 select the or- 
dinate to the left of the origin corresponding to 94 
lbs. pull at pulley rim. From its intersection with 
the line for 150° arc of contact pass horizontally to the 
right (noting that the maximum strain on the belt is 
135 lbs.) to the corresponding point on the line for 
single leather lacing. This gives a necessary cross- 
section of .42 square inch. Therefore the belt width 
must be 

.42 X 4 = 1.68 inches. 



As the curves Figs. 81, 82, and 83 may not cover 
the limits required* in many problems, it is sometimes 
necessary to use some factor of the power or belt 
width given in the problem. If this is done, it must 
be remembered to aflfectthe result by a corresponding 
factor. For the convenience of those who may desire 
to construct a set of belting curves covering a different 
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T 

t 
range the values of m are given for the different 

degrees arc of contact with the smaller pulley. The 
remainder of the data necessary for the construction 
of the curves requires no comment, the method of 
calculation being evident. 
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Absorption dynamometer, 185 
Acceleration, definition of, 9 

— positive and negative, 11 
Activity, definition of, 12 

— unit of, 12 
Ampere, the, 19 
Amperes and speed, 184 

— and torque, 184 
Ampere- turns on field, 92 

— turn table. 244 
Armatures, 37 

— core losses in, 179 

— closed coil, 41 

— desigu of, 123 

— Gramme. 39 

— heatiuff of. 181 

— induction in, 126 

— losses in, 130 

— open -coil. 40 

— Siemens, 38 

Armature current, effect of, 49, 
56. 93 
in a motor, 101 

B 

Belting, 257 

Belts, arc of contact, 264 

— breakini, strain, 258 



Belts, capacity of, 262 

— coefficient of friction, 259 

— safe working tensions, 258 
Boilers, duty of, 229 

Brake, Prouy, 185 



Capacity, unit of, 21 

— of belts, 262 
Car-motors. 116 
Cause of sparking, 51 
Ceutinieler, 9 
Characteristic curve, 170 
Clearance in steam-engines, 211 
Closed-coil armatures, 41 
Commutator, function of the, 30 
Compound-wound dynamos, 45, 

100 

— motors, 120 
Conductors, heating of, 252 
Consequent - pole dynamo, 

Kapp's formula, 69 

Constant of a steam-engine, 217 

Consumption of steam in an en- 
gine, 225 

Core losses. 179 

Co'ilomb, the, 21 

Current, equations of, 96, 99 

— in armature, effect of. 93 
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Current in armature of a motor, 
101 

— nature of, 16 

— unit of, 18 

Curves, amperes, and H.P,, 183 

and speed, 184 

and torque, 184 

— characteristic, 170 

— potential, 178 

— saturation, 174 

— speed, 177 

and HP.. 183 

and torque, 183 



Design of armatures, 123 

field-magnets, 142 

motors, 161 

Diameter of commutation, 50 
Direction of induced current, 26 

rotation in a motor, 26 

Drum armatures, 88 

design of, 126 

— motion for steam-engine in- 

dicator, 199 
Dynamo as a motor, 52 

— compouud-wouud, 45 

— consequent-pole, 47 

— single magnetic circuit, 46 

— series, 44 

— shunt, 45 

— testing. 169 
Dynamometer, absorption, 185 

— transmission, lb6 
Dyne, the, 11 

Duty of boilers, 229 

E 

Effect of armature-current, 49, 
59, 93 

Efficiency of a compound- wound 
dynamo, 100 

series dynamo, 98 

shunt dynamo, 100 

steam-engine, 229 

— test, 185 

(electrical method), 189 



Electric current, nature of, 16 
Electromotive force, counter, 55 

definition of, 17 

general formula for, 90 

of a Gramme arma- 
ture, 90 

shuttle armature, 90 

Siemens armature, 

90 

unit of, 18 

of a 4- pole dynamo, 91 

Electro-magnetic induction, 22 
Elementary form of dynamo, 24 
Energy, definition of, 11 
Engines, clearance of, 211 

— constants of, 217 

— Efficiency of. 229 

— H. P. of, 210 
Erg, the, 12 

Evaporation, total and latent heat 
of, 219 

F 

Farad, the, 21 

Field-coils, ampere-turns of, 92 
Field-magnets, design of, 142 
Field-magnetic, 14 

— unit magnetic, 14 

Force acting between two mag- 
netic poles, 15 

— lines of, 13 

— tube of, 14 

— unit of, 11 
Foucault currents, 194 

G 

Gram, the, 9 
Gramme armature, 39 

design of, 135 

E. M.F. of. 90 



Heat of evaporation, total and 

latent, 219 
Heating of armature. 181 

conductors. 252 
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Horse-power of a steam-engine, 
217 

Hopkinson's formula for mag- 
netic induction, 79 

— method of predetermining 
characteristic, 70 

Hysterais, 239 

— measurement of, 241 



Indicator-diagrams, 197,202 

cramped admission, 206 

exhaust, 207 

early admission, 206 

excessive compression, 

204 

late admission, 204 

from condensing en- 
gines, 210 
high-speed engines, 

theoretical expansion 

curve, 212 
Indicator, note on attaching, 198 

— reducing motion for, 199 
Induced current, direction of, 26 
Induction, electro- magnetic, 22 

— in armatures, 126 
Inertia, 11 

Iron, induction in cast, 238 

sheet, 236 

wrought, 237 

— losses in, 97, 180 

— hysteresis, loss in, 239 

— tests, 231 



Joule, the, 12 



Kapp*s formula for induction, 68 

— method of designing, 63 
Kinetic energy, 11 



Latent heat of evaporation, 219 
Leakage coefficient, 77 



Leakage, method of measuring, 

77 
Length, unit of, 7 
Lines of force, 13 
Line integral of magnetic force, 

13 
Liter, the, 9 
Losses in armatures. 130 

M 

Magnetic circuit, Kapp method 
of proportioning, 63 

— field, 14 
unit, 14 

— induction, Hopkinson's for- 

mula for, 79 
Kapp's formula for, 68 

— pole unit, 14 

lines of force emanating 

from a, 16 

— poles, force acting between 

two, 15 

— permeability, 72 
Magneto- motive force, 71 
Magnets, design of tield, 142 
Magnetism, nature of, 12 
Maximum work done by a mo- 
tor, 108 

Mean effective pressure, 210 
Measurement of iron losses, 241 

leakage, 77 

Meter, derivation of, 7 

— English equivalent, 8 
Motors, armature current of, 101 

— compound-wound, 120 

— design of, 161 

— direction of rotation of, 

54,57 

— maximum work done by, 

108 

— pnnciples of, 52 

— torque developed by, 104 

— speed of shunt, 120 

— series, 111 

— shunt, 117 

— street car, 116 """^ 

— starting, 59 
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Motors, work done by, 103 
— testing, 169 



Ohm, the, 19 
Ohm's law, 19 
Open-coil armatures, 40 



Permeability, 73 

Pole, unit magnetic, 14 

Potential curve, 178 

Potential difference, definition 
of, 17 

general formula for, 90 

gramme armature, 90 

shuttle- wound armature, 

90 

Siemens armature, 90 

4-pole dynamo, 91 

Predetermination of character- 
istic, 70 

Prony brake, 185 

Properties of saturated steam, 
220 



Rectification of an alternating 
current, 30 

Reducing motion for steam-en- 
gine indicator, 199 

Resistance as a velocity, 20 
— - unit of, 19 

Ring armatures, design of, 135 



Saturation curve, 174 
Saturated steam, properties of, 

220 
Second, the, 9 
Series coils, determination of, 93 

— dynamo, 44, 98 

— motor. 111 
Shunt dynamo, 45, 100 

— motors, 116 
speed of, 120 



Shuttle armatures, E. M. P., of, 

90 
Siemens armature, 39 

design of, 126 

E. M. F. of, 90 

Single magnetic circuit, Kapp's 

formula, 68 
Sparking, cause of, 51 
Speed curve, 177 

— and amperes, 183 

— and torque, 182 

— of shunt motors, 120 
Steam consumption in an engine, 

225 
Steam-engines, eflaciency of, 229 
H. P. of, 217 

— generation under constant 

pressure, 218 

volume, 221 

' Street-car motors, 116 
Symbols, table of, 61 



Table of symbols, 61 

Testing dynamos and motors, 169 

Tests, efticiency. 185 

Tliernial unit, 218 

Time, unit of, 9 

Torque developed by a motor, 

104 
Total heat of evaporation, 219 
Transmission dynamometer, 186 
Tube of force, 14 
Types of dynamos, 46 

motors, 55 

U 

Unit of activity, 12 
capacity, 21 

— current, 18 

force, 11 

heat, 218 

length, 7 

magnetic field, 14 

magnetic pole, 14 

potential difference, or 

E. M. F., 18 
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" Unit of quantity of flow, 21 
' resistance, 19 

time, 9 

weight, 9 

woi-k, 12 

volume, 9 



Velocity, definition of, 9 



Volume, unit of, 9 
Volt, the, 18 

W 

Watt, the, 12 
Weight, unit of, 9 
Work, definition of, 11 

— done by a motor, 103 

— max. done by a motor, 108 

— unit of, 12 

— wire losses in armature, 130 
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IF YOU WISH TO KNOW 

The latest and best work or works on the principles and 
theory of Electricity, or relating to any particular ap- 
plication of Electricity, The Electrical World will be 
pleased to promptly furnish the information, personally 
or by letter, free of charge. If you live in or near New 
York, and would like to examine any electrical books, 
you are cordially invited to visit the oflace of The 
Electrical World and look them over at your leisure. 

Making a specialty of Electrical Books, there is no 
work relating directly or indirectly to Electricity that 
is not either published or for sale by The Johnston 
Company, and the manager of the Book Department 
keeps himself at all times familiar with the contents of 
every work issued on this subject at home and abroad. 

Any Electrical Book in this catalogue, or any elec- 
trical book published, American or foreign, will be 
promptly mailed to ANY ADDRESS in the world, 
POSTAGE PREPAID, on receipt of the price. Ad- 
dress and make drafts, P. O. orders, etc., payable to 

THE W. J. JOHNSON COMPANY, U. 

TIMES BUILDING, NEW YORK. 
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Keyised. Enlarged. Entirely Eewrltten. 
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T^R|V1R # PHRASES . 

By EDWIN J. HOUSTON. A.M. 

662 liirge Octayo Pagei. 670 IllnfitraUoiii. Price, $6.00. 

Some Idea of the scope of ibis llmelT »■»* •S!P«®«*S.?5 

work and of the Immense amount of labor Involved in It, may 
be formed when It Is stated that It contains deflnltlonsof about 
5,000 Distinct Words, Terms or Phrases. 

The Dictionary Is not a mere word book. The words, terms 
and Dhrases are Invariably followed by a slion, concise 
deflnltlon. giving the sense in which they are correctly em- 
nloved and a general statement of the pHnclples of elec- 
trical science on which the definition is founded. 

As one feature, an elaborate system of cross references bas 
been adopted, so that It Is as easy to find tbe definitions 

as the words, and aliases are readily detected and traxjed. 

The typoiH'apliy Is excellent, being large and bold, 
and so arranged that eaclt urord catcnes tbe eye at 
a glance by standing out In sharp relief from the page. 

Copies op the Dictionary, or op any other Electrical 
Work published, will be mailed to any address in the 
WORLD, postage prepaid, ON receipt of price. Remit by P. O. 
Order, DRAFT, Registered Letfer or Express and address: 

TIE U. 3. aOIDSTOn 60inplD9. ttd., 

TIME6 BUILDING, NEW YORK. 



Digitized by VjOOQ IC 



ELEGTRIGITY AND MGNETI8M 

A Series of Adfanced Primers, 

By Prof. EDWIN J. H017ST0N, 

▲UTHOB OF 

'^A Dictionary of Electrical Words, Terms and Phrases." 
Cloth. 806 pages. 116 Illvstrations. Price, 1.00. 



Prof. Houston's Primers of Electricity written in 
1884 enjoyed a wide circulation, not only in the United 
States, but in Europe, and for some time have been out 
of priut. Owing to the great progress in electricity since 
that date the author has been led to prepare an entirely 
new series of primers, but of a more advanced charac- 
ter in consonance with the advanced general knowl- 
edge of electricity. 

Electricians will find these primers of marked inter- 
est from their lucid explanations of principles, and the 
general public will in them find an easily read and 
agreeable introduction to a fascinating subject. 

CONTENTS. 

I.— Effects of Electric Charge. II.— Insulators and 
Conductors. III. — Effects of an Electric Discharge. 
IV. — ^Electric Sources. V. — Electro-receptive Devices. 
VI— Electric Current. VII.— Electric Units. VIII. 
— Electric Work and Power. IX.— Varieties of Elec- 
tric Circuits. X. — Magnetism. XI. — Magneticlnduc- 
tion. XIT. — Theories of Magnetism. XIII. — Phenom- 
ena of the Earth's Magnetism. XIV, — Electro-Mag- 
nets. XV. — Electrostatic Induction. XVI. — Frictional 
and Influence Machines. XVII. — Atmospheric Elec- 
tricity. XVIII.— Voltaic Cells. XIX.— Review, Prim, 
er of Primers. 

PUBLISHED AND FOR SALE BY 

THE W. J. JOHNSTON COMPANY, ltd,, 

TIMES BUILDING, NEW YORK. 
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Tbe Measurement of Electrical Sorrents 

iBd Otber Adfanced Primers of Electricity. 

By Prof. Edivln J. Houston, A.M., 

AUTHOR OF 

VA Irictionary of Electrical Words, Terms and Phrasei," 

dbc., dc., dc. 

Cloth. 429 Paged. 169 111 ust rat long. Price, $1.00. 

This volume is the second of Prof. Houston's admir- 
able series of Advanced Primers of Electricity and is 
devoted to the measurement and practical applications 
of the electric current. 

Marked features of these books are the logical and 
lucid development of principles in language easily fol- 
lowed with no previous knowledge of electricity, and 
the abstracts from standard electrical authors at the 
end of each Primer, which in general have reference, 
and furnish an extension, to some point in the Primer, 
and at the same time give the reader an introduction to 
electrical literature. 



I. The Measurement ol Electric Currents. II. The 
Measurement of Electromotive Force. III. The Meas- 
urement of Electric Kesistances. IV. Voltaic Cells. 

V. Thermo-Electric Cells and Other Electric Sources. 

VI. The Distribution of Electricity by Constant Cur- 
rents. VII. Arc Lighting. VIII. Incandescent Elec- 
tric Lighting. IX. AlternatiLg Currents. X. Alter- 
nating Current Distribution. XI. Electric Currents of 
High Frequency. XII. Electro-Dynamic Induction. 
XIII. Induction Coils and Transformers. XIV. Dy- 
namo Electric Machines. XV. Electro - Dynamics. 
XVI. The Electro-Motor. XVII. The Electric Trans- 
mission of Power. XVIII. Review : Primer of Primers. 

Published and for Bale by 

THE W. J. JOHNSTON CO., LD., 
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The third and concluding volume of Prof. Houston's 
Series of Advanced Primers of Electricity is devoted to 
the telegraph, telephone, and miscellaneous applica- 
tions of the electric current. 

In this volume the difficult subjects of multiple and 
cable telegraphy and electrolysis, as well as the tele- 
phone, storage battery, etc., are treated in a manner 
that enables the beginner to easily grasp the principles, 
and yet with no sacrifice in completeness of presenta- 
tion. 

oojsra?Eisra7S 

I. The Electric Transmission of Intelligence. II. 
The Electric Telegraph. III. Multiple Telegraphy. 
IV. Cable Telegraphy. V. Electric Annunciators and 
Alarms. VI. Time Telegraphy. VII. The Telephone. 
VIII. Electrolysis. IX. Electro-Metallurgy. X. Stor- 
age or Secondary Batteries. XI. Electricity in War- 
fare; Electric Welding. XII. Some Other Applications 
ot Electricity. . XIII. Electro-Therapeutics. XIV. 
Review, Primers of Primers. 

FXTBLISHED AND FOR SALE BY 

THE W, J. JOHNSTON COMPANY, Ltd., 

TIMES BUILDING. NEW YORK' 



Digitized by VjOOQ IC 
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Bj T. C. Martin and Joseph Wetzlcr. with i 
appendix bringing the book down to 
date by Dr. Louifl Bell. 
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This timely work is the first American Book on 
Electric Motors, and the only book in any lan- 
guage dealing exclusively and fuUy with the 
modem Electric Motor in all its various practical 
applications. The book is a handsome quarto, 
the page being of the same size as Dredge's large 
work on "Electric mumination/' and many of 
the cuts are full page. 

Ko effort has been spared to make the book 
complete to date, and it wiil prove invaluable to 
every one interested in the progress and develop- 
ment of the Electric Motor or the Electrical 
Transmission of Energy. 

Copies oftliis or any other electrical book pulr 
lished, will be mailed to any address in the world, 
rosTAGB PREPAID, on receipt of price. Address 

The W. J. Johnston Company, Ld.» 

TIMES BUILDING, NEW YOSK. 
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The Electric Railway 

IN THEORY AND PRACTICE. 

By O. T. CROSBY and Dr. LOUIS BELL. 

Second Edition. Revised and Enlarged. 

416 Octavo Pages, 182 Illiis. Price, $2.BO. 

This is the first SYSTEMATIC TJtJEATISE that has 

been published on the ELECTRIC RAILWAY, and 

it is intended to cover the GENERAL PRIlf' 

CIPLES OF DESIGN, CONSTRUC- 

TION ANn OJ^ERATION. 



XABLrlS OP COKXHKXSt 

Chapter I. General Electrical Theory. 

*' II. Prime Movers. 

** III. Motors and Car Equipment. 

IV, The Line. 

*/ V. Track, Car Houses, Snow Machines. 

** VI. The Station. 

" VII. The Efficiency of Electric Traction. 

" VIII. Storage Battery Traction. 

" IX. MiscoTlaneous Methods of Electric Traction. 

* X. High Speed Service. 

** XI Commercial Considerations. 

** XII. Historical Notes. 

APPHBIDICHSs 

Appendix A. Electric Railway vs. Telephone Decisions, 
** B. Instiuctions to Linemen. 

" C. Engineer's Log Book. 

" D, Classification of Expenditures of Electric Street 

Railways. 
'• E. Concerning Lightning Protection, by Prof. 

Elihu Thomson. 
" F. Motors with Beveled Gear, and Series Multiple 

Control of Motors. 
** G. Method of Measuring Insulation Resistance of 

Overhead Lines, 



Copies of this or any other Electrical Book or Books 
published will be promptly mailed to any address in the 
worldi POSTAGE PREPAID, on receipt of price. Address 

Tlie ^W. J. JOHSTON CO , Wd,, 

Times BuildImg, New York. 
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ELECTRIC RAILWAYS 
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IN ELECTRIC RAILWAY CONSTRUCTION. 

OPERATION, SYSTEMS, MACHINERY, 

APPLIANCES, &c., COMPILED 

By CARL HERING. 

S86 pagres and 120 illustrations. Cloth, - Price, $1.00 • 



This volume contains a classified Fummary of the 
recent literature on this active and promising branch 
of electrical progress, with descriptions of new appa- 
ratus and devices of general interest. 



CONTENTS. 



Chapter I.— Historical. Chapter II.— Development 
and Statistics. Chapter III. — Construction and Opera- 
tion. Chapter IV. — Cost of Construction and Opera- 
tion. Chapter V. — Overhead Wire Surface Roads. 
Chapter YI. — Conduit and Surface Conductor Roads. 
Chapter VII.— Storage Battery Roads. Chapter VIII. 
—Underground Tunnel Roads. Chapter IX. -High 
Speed Interurban Railroads. Chapter X. — Miscellan- 
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CONTENTS. 

Review of Electrical Units and Fundamental Laws. 

Fundamental Principles of Dynamos and Motors. 

Magnetism and Electromagnetic Induction. 

Generation of Electromotive Force in Dyiiamo& 

Armatures. 

Calculation of Armatures. 

Field Magnet Frames. 

Field Magnet Coils. 

Regulation of Machines. 

Examining Machines. 

Practical Deductions from the Franklin Institute Tests 
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By JOHN HOPKINSON, F.R.S. 

Uniform with Thompson's " Lectures on the Electromagnet" 
J*BICB, INCZUniHG rOSTABEf $1,00. 



This collection of papers includes all written on 
electro-technical subjects by the distinguished author, 
most of which have been epochal in their character 
and results. 

The papers are arranged according to subject. Five 
papers relate wholly or in part to the continuous cur- 
rent dynamo ; four are on converters and one each on 
the theory of alternating current machines and on the 
application of electricity to light-houses. 

In the words of the author "The motive of this 
publication has been that I have understood that one 
or two of these papers are out of print and not so acces- 
eible to American readers as an author who very greatly 
values the good opinion of American electrical engi- 
neers would desire." 

Copies of this or any other electrical hook or books pub^ 
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posTAGB PREPAID, on receipt of price. Address 
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